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Summary 

Optical  nonlinearities  of  liquid  crystals  owing  to  laser  induced 
molecular  reorientation  or  laser  induced  thermal  index  change,  were  studied  in 
the  context  of  optical  wave  mixings  and  real  time  imagings.  The  basic 
mechanisms  and  the  dynamics  of  the  nonlinearities  were  studied  in  detail  in 
theories,  and  in  experiments  using  lasers  of  various  time  scales  and  temporal 
characteristics.  Quantitative  documentation  of  nanosecond  laser  induced 
thermal  grating  was  performed  for  the  first  time,  and  further  established  the 
optical  imaging  and  switching  capabilities  of  nematic  liquid  crystal  film. 

The  conversion  of  infra-red  images  to  visible  images  via  real  time  optical 
wave  mixing  process  was  also  demonstrated.  The  capability  of  optical  four 
wave  mixing  to  generate  amplified  reflection  and  self  oscillation  in  nematic 
liquid  crystal  film  was  also  demonstrated  for  the  first  time.  Such  a  process 
will  be  useful  for  image  processing  as  well  as  laser  oscillator  adaptive 
optics  applications.  New  optical  intensity  switching  effects  and  optical  beam 
amplifications  and  infrared  laser  wave  mixings  were  also  experimentally 
demonstrated,  that  will  find  applications  in  optical  switching,  image 
processing  and  power  self  limiting  devices. 


I.  Introduction 


Current  research  and  development  in  optical  imaging  and  signal  processing 
have  largely  employed  the  nonlinear  optical  and  electro-optical  properties  of 
certain  crystals  and  thin  film  devices.  In  combination  with  new  novel 
nonlinear  optical  processes,  and  cw  or  pulsed  lasers  covering  the  UV  to  far  IR 
spectrum,  useful  high  resolution  imaging  system  with  aberration  correction 
capability  and  other  image  processing  capabilities,  optical  light  modulators, 
switches  and  various  signal  processing  devices  and  adaptive  optics 
applications  have  emerged.  Nevertheless,  the  number  of  useful  nonlinear  (or 
otherwise)  optical  materials  for  meeting  these  new  application  demands  is 
relatively  limited. 

This  program  is  devoted  to  a  detailed  study  of  the  special  nonlinear 
optical  properties  of  liquid  crystal  films  for  optical  wave  front  conjugation 
and  in  related  four-wave  mixing  processes.  The  fabrication  of  stable,  high 
optical  quality  liquid  crystal  thin  film  has  been  established  for  many  years. 
Commercially,  an  ever  increasing  number  of  liquid  crystal  of  wide  ranging 
physical  characteristics  are  becoming  available.  These  basic  advantages, 
together  with  the  recently  discovered  extraordinarily  large  optical 
nonlinearities  make  liquid  crystals  an  attractive  candidate  for  nonlinear 
optical  switches  and  devices.  We  anticipate  that  some  of  the  processes  under 
study  will  in  fact  find  immediate  applications. 

There  are  two  distinct  basic  mechanisms  for  nonlinearity  in  liquid 
crystal.  One  is  the  optical  field  induced  reorientation  of  the  axially 
birefringent  nematics.  Perhaps  the  most  important  characteristics  of  liquid 
crystals  is  their  large  optical  anisotoopy  Ac  (Ae-e-e  is  the  dielectric 
constant  for  optical  field  parallel,  and  perpendicular  to  the  director 
(optical)  axis  of  the  liquid  crystal,  respectively).  Typically  Ae  ranges  from 


i 

& 

r» 


J PIVRJmWWV'UWV  W W V7 X." K'. WWWMW  MW  WlWWW.TOlv™'.  ¥»3 

4 

0.4  to  1.  Recent  discovery  by  this  investigator  that  it  is  possible  to  induce 
director  axis  reorientation  with  relatively  low  power  lasers  (with  intensities 
on  the  order  of  watts/cm2)  had  opened  up  a  wide  range  of  possibilities  for 
nonlinear  optical  effects  and  applications.  Most  of  the  pioneer  work  have 
been  conducted  by  this  investigator  in  the  past  few  years.  Work  done  during 
the  period  supported  by  the  Air  Force  Office  of  Scientific  Research  is 
detailed  in  the  next  section. 

The  other  mechanism  for  optical  nonlinearity  is  the  naturally  present 
high  thermal  index  gradients  of  liquid  crystal,  especially  near  the  nematic  ♦ 
isotropic  phase  transition  temperature  Tc.  At  temperatures  far  from  Tc,  both 
dne/dT  and  dn0/dT  (where  ne  and  n0  are  the  extraordinary  and  the  ordinary 
refractive  indices,  respectively)  are  already  higher  than  most  high  thermal 
index  materials  (e.g.  cyclohexane).  Near  Tc,  the  magnitudes  of  these  two 
increase  by  more  than  an  order  of  magnitude.  Since  many  nonlinear  processes, 
e.g.  optical  wave  mixings,  wave  front  conjugations,  self-phase  modulation 
etc.,  depends  on  the  laser  induce  thermal  index  changes,  these  effects  can  be 
observed  in  liquid  crystals  at  much  lower  laser  power  (or  energy).  More 


importantly,  since  the  required  refractive  index  change  can  be  achieved  with 
high  energy  pulsed  lasers,  the  (nonlinear)  processes  can  also  occur  with  a 
fast  on-time. 


II.  Research  Accomplishment 


In  the  following  paragraphs,  we  will  summarize  our  research 
accomplishment  into  six  broad  categories.  The  related  publications, 
conference  presentations  and  other  forms  of  research  records  are  listed  in  the 
next  section. 

During  the  period  8/15/84  to  5/14/88: 

1.  We  have  conducted  a  thorough  review  of  the  theory  and  experiments  on 
the  orientational  optical  nonlinearity  of  liquid  crystals  in  their 
nematic  phase.  We  have  compared  and  contrasted  the  nonlinearity  with 
those  observed  previously  in  the  liquid  phases.  A  detailed  examination 
of  their  dynamics  (rise-  and  decay-times)  and  how  these  dynamics  are 
affected  by  various  liquid  crystalline  parameters  (like  viscosity, 
temperature,  elastic  constants,  etc.)  and  geometrical  configurations 
and  laser  intensity  is  performed.  An  important  point  that  is  borne  out 
in  actual  experimentations  is  that  the  response  of  the  liquid  crystal 
reorientation  can  be  faster  if  higher  intensity  lasers  are  used. 
Nanosecond  response  is  possible  with  Megawatt/cm2  optical  intensity. 

The  extraordinarily  large  optical  nonlinearity  associated  with  director 
reorientation  has  also  been  utilized  to  gain  further  insights  into 
several  nonlinear  optical  processes  like  self-focusing,  self-phase 
modulation,  optical  bistability,  nonlinear  wave  guiding  and  optical 
wave  mixings.  We  have  also  developed  a  theory  for  the  nonlocal 
dependence  of  the  director  axis  reorientation  with  respect  to  the 
incident  laser  spot  size,  and  conducted  experimental  measurements 
that  substantiated  the  theoretical  results.  These  nonlocal  dependence 


6 


will  be  important  in  assessing  the  amount  of  cross  talks  in  optical 
processing  using  multi-beams,  and  in  the  resolution  limit  in  optical 
imaging  processes. 

2.  We  have  also  conducted  a  thorough  theoretical  analysis  and  experimental 
study  of  the  basic  mechanisms  and  the  dynamics  of  laser  induced  thermal 
index  change  in  nematic  liquid  crystals.  In  particular,  we  have 
performed  a  calculation  based  on  current  molecular  theory  of  nematogen 
on  both  the  ordinary  and  the  extraordinary  refractive  index  changes  with 
temperature,  and  the  index  (holographic)  grating  associated  with  two 
laser  beams  mixings.  Experimentally,  we  have  employed  nanosecond  laser 
pulses  to  generate  the  thermal  grating  and  studied  its  rise  and  decay 
time.  Very  interesting  high  frequency  (GHZ)  interference  effects 
associated  with  laser  induced  acoustic  waves  are  observed  in  the  first 
100  ns  of  the  rise  part.  The  decay  dynamics,  and  the  anisotropy  of  the 
dynamics  were  found  to  be  in  agreement  with  the  theoretical  expectations. 
This  detailed  study  has  conclusively  demonstrated  that  laser  induced 
thermal  grating  and  index  change  in  nematic  liquid  can  be  a  very  useful 
mechanism  for  applications;  future  research  on  this  is  clearly  call 
for . 


3.  In  line  with  the  thermal  grating  studies  reported  in  item  2  above,  we 
have  also  looked  into  the  quasi  steady  state  case  where  the  thermal 
grating  is  induced  by  laser  pulses  on  the  order  of  ms,  on  the  order  of 
the  thermal  decay  time  constant.  For  this  case,  as  discussed  in  the 
attached  preprints,  the  grating  associated  with  two  beam  mixings  can  be 
maximized  if  the  grating  spacing  is  large.  In  conjunction  with  the 
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extraordinarily  large  thermal  nonlinearity,  we  have  observed  for  the 
first  time  wave  front  conjugation  with  gain  in  a  nematic  liquid  crystal 
film,  and  the  related  self-oscillations,  using  low  power  cw  visible 
laser.  This  opens  up  a  rather  exciting  new  area,  e.g.,  the  possibility 
of  image  amplification,  ring  oscillator  amplifier,  etc.,  associated  with 
these  two  wave  mixing  processes.  Moreover,  the  obsorption  constant  of 
the  liquid  crystal  can  be  increased  with  traces  of  disol ved  dye  that 
absorbs  in  the  IR  regine,  and  thus  one  can  extend  all  these  studies  to 
IR  lasers. 

Related  to  items  2  and  3  is  the  process  of  so-called  nondegenerate  four 
wave  mixing,  whereby  the  real  time  holographic  grating  is  generated  with 
lasers  of  one  wavelength,  and  the  image  is  reconstructed  at  another  de¬ 
sired  wavelength.  We  have,  as  an  example,  demonstrated  the  possibility 
of  converting  infra-red  images  to  the  visible.  Obviously,  the  reverse 
is  also  possible.  It  is  also  possible  to  have  an  incoherent  to  coherent 
image  conversion  using  a  similar  four  wave  mixing  scheme,  but  it  re¬ 
mains  to  be  demonstrated.  An  interesting  observation  is  that  using 
liquid  crystals  "doped"  with  IR  obsorbing  dyes,  IR  laser  energies  on  the 
order  of  lmj/cm2  or  so  are  sufficient  for  the  wavelength  conversion, 
and  at  a  relatively  fast  time  scale  (nanoseconds  on-time,  microseconds 
off-time) . 

We  have  also  followed  up  on  our  previous  research  expertise  in 
transverse  self-phase  modulation  and  conducted  studies  on  some  novel 
transverse  switching  processes.  This  includes  optical  power  limiting 
and  laser  self-bending  effects.  More  recently,  we  have  extended  this 


result  to  applications  in  the  infrared  regime,  where  there  are 
relatively  few  room-temperature  nonlinear  materials. 


We  have  experimentally  and  theoretically  shown  for  the  first  time  the 
possibility  of  obtaining  large  gain  in  Kerr  media  by  degenerate 
multiwave  mixing.  This  effect,  which  is  previously  thought  possible 
only  in  photorefracti ve  material,  can  be  observed  in  any  highly 
nonlinear  thin  film,  and  may  be  applied  to  various  phase  conjugation, 
beam/image  amplification,  oscillation,  and  wave-mixing  based  nonlinear 
optical  devices. 
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The  Mechanism  and  Dynamics  of  Transient  Thermal 
Grating  Diffraction  in  Nematic  Liquid  Crystal  Films 

IAM-CHOON  KHOO,  member,  ieee.  and  RICHARD  NORMANDIN 


Abstract-We  have  studied  the  mechanism  and  the  dynamics  of  degen¬ 
erate  four-wave  mixing  in  a  nematic  liquid  crystal  film.  Nanosecond  laser 
pulses  are  used  to  generate  an  index  grating  associated  with  the  changes 
in  the  density  and  in  the  order  parameter.  We  have  measured  and  ana¬ 
lyzed  the  contributions  from  these  two  mechanisms,  their  interference 
effects  rise  and  decay  time  constants,  and  have  also  performed  a  detailed 
analysis  of  the  diffraction  efficiency.  This  study  quantitatively  charac¬ 
terizes  the  potential  usefulness  of  nematic  films  for  four-wave  mixing 
based  applications. 


Introduction 

RECENT  studies  have  demonstrated  extraordinarily  large 
^optical  nonlinearity  of  nematic  liquid  crystal  arising  from 
the  optically  induced  reorientation  of  the  molecular  director 
axis  [  1 1  -(3] .  The  nonlinearity  has  been  shown  to  be  several 
orders  of  magnitude  larger  than  that  exhibited  by  a  typical  an¬ 
isotropic  liquid  like  CS2  and  is  in  the  same  order  of  magnitude 
as  those  observed  in  some  nonlinear  photorefractive  crystals 
(e.g.,  BaTio4)  or  semiconductors.  The  response  time  of  mo¬ 
lecular  reorientation  in  nematics  is  dependent  on  the  optical 
intensity,  ranging  from  seconds  (optical  intensity  =*=  W/cm2 ) 
to  microsecond  or  less  (optical  intensity  =»  MW/cm2 ),  among 
other  factors.  Wavefront  conjugation  (4| ,  optical  bistability 
[5],  and  other  optical  processes  [6 1  have  been  demonstrated 
using  CW  low-power  lasers.  In  some  nematic  liquid  crystals, e.g., 
MBBA  (p-methoxybenzylidene-p-n-butylaniline),  an  equally 
large  thermal  indexing  effect  fl),[7)  has  been  observed,  due  to 
the  crystal’s  natural  absorption  and  unusually  high  thermal  in¬ 
dex  gradient  dn/dT  (where  n  denotes  the  refractive  index  and 
T  the  temperature).  Laser  induced  thermal  refractive  index 
change  in  liquid  crystalline  media  is  a  well-known  effect,  and 
has  been  studied  in  many  other  contexts  [8] .  Recently,  ther¬ 
mal  grating  has  received  considerable  attention  in  the  study  of 
degenerate  four-wave  ntixing  as  a  useful  mechanism  for  high- 
power  wavefront  conjugation  [9|,(I0[.  Martin  and  Hellwarth, 
for  example,  have  studied  a  wide  variety  of  liquids  with  dis¬ 
solved  dyes  in  infrared-to-visible  image  conversion  processes. 
Others  have  shown  amplified  refections  and  high  fidelity  phase 
aberration  corrected  imaging  results  [  1 1 1 ,  ( 1 2 1 . 

In  this  paper,  we  present  detailed  experimental  results  and 
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l  ig.  1.  Schematics  of  the  laser  nematic  interaction  in  two  typical  ne- 
matic  cell,  (a)  Homeotropically  aligned  nematics,  (b)  Planar  nematic 
cell.  Case  (i)  is  for  extraordinary  ray.  Case  (ii)  for  ordinary  ray  (/?„_ 
is  orthogonal  to  the  nematic  director  axis). 


analysis  of  the  basic  mechanism  for  thermal  indexing  effects  in 
nematic  liquid  crystals,  whose  refractive  index  in  the  nematic 
phase  depends  on  the  density  p  (as  in  liquid  and  crystals)  and 
the  order  parameter  S  (unique  for  the  liquid  crystal  phase). 
Degenerate  four-wave  mixing  experiments  are  carried  out  with 
nanosecond  laser  pulses,  and  results  for  various  parameters 
such  as  the  diffraction  efficiencies,  the  grating  decay  and  un-sel 
time,  acoustic  contribution,  etc.,  are  obtained.  In  the  next 
section  we  will  review  the  relevant  theory  of  nematogen  and 
some  quantitative  expressions  for  the  laser  induced  density 
and  order  parameter  gratings,  and  the  roles  played  by  various 
nematic,  geometrical,  and  optical  parameters.  This  is  followed 
by  detailed  experimental  results  and  an  analysis. 

Theoretical  Considerations 
Under  excitation  by  nanosecond  laser  pulses,  the  thermal 
indexing  effect  in  nematic  is  due  to  some  finite  absorption  by 
the  nematic  at  the  wavelength  of  the  laser.  The  absorption  rate 
varies  from  material  to  material,  and  may  often  be  aided  by 
some  dissolved  dyes.  It  is  perhaps  more  illuminating  if  we  limit 
our  attention  to  some  exemplary  geometries  of  interaction  be¬ 
tween  the  polarization  of  the  laser  and  the  director  axis  of  the 
nematic,  for  two  commonly  occurring  nematic  cell  alignments 
(planar  and  homcotropic).  As  depicted  in  Fig.  1(a)  and  (b), 
the  optical  propagation  makes  an  angle  0  with  respect  to  the 
nematic  director  axis  it.  In  Fig.  1(a).  the  beam  propagates  as 
an  extraordinary  ray  with  a  refractive  index  ne  given  by  (13| 


(«,|  errs 2  0  +  n f  sin2  0)'n 

For  Fig.  1(b),  the  beam  propagates  as  an  extraordinary  ray  in 
case  (i),  and  as  an  ordinary  ray  with  the  refractive  index  in 
case  (ii). 
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Fig.  2.  Schematics  of  the  experimental  setup.  0  is  the  wave-mixing 
in  air  (0  in  liquid  crystal  is  2/3  of  ©  in  air).  The  incident  Nd :  YAG 
SHG  pulses  and  the  He-Ne  lasers  are  all  in  the  same  plane,  (a)  A  sin¬ 
gle  mode  pump  laser  pulse,  (b)  A  modulated  two-mode  pump  laser 
pulse.  Intensity  profile  as  a  function  of  time.  Timescale:  10  ns/div. 

Depending  on  the  laser  wavelength  and  intensity,  the  opti¬ 
cally  induced  refractive  index  change  originates  from  molecu¬ 
lar  reorientation  and/or  thermal  heating.  Pulsed  laser  induced 
molecular  reorientation  can  occur  in  the  configurations  de¬ 
picted  in  Fig.  1(a)  and  (b)  [case  (i)[  [14],  [1S[.  The  basic 
mechanism  is  similar  to  that  observed  using  a  CW  laser,  with  a 
rise  time  that  depends  on  the  laser  intensity.  Typically,  one 
can  estimate  using  well-known  nematic  theory  that  an  optical 
intensity  on  the  order  of  100  MW/cm2  is  needed  to  see  signifi¬ 
cant  reorientation  in  the  nanosecond  time  scale.  Under  this  in¬ 
tensity,  the  accompanying  thermal  index  effect  is  very  large  and 
tends  to  mask  the  reorientational  effect.  There  is  also  a  practi¬ 
cal  consideration  not  to  involve  the  molecular  reorientation, 
which  is  characterized  by  a  very  slow  recovery  time  (typically 
about  1  s  for  a  40  pm  thick  sample). 

For  incident  optical  fields  at  (3  =  0,  two  distinct  thermal  in¬ 
dex  changes  are  induced  Art||  and  AnL.  corresponding  to  case 
(i)  and  case  (ii),  respectively.  We  shall  henceforth  limit  our 
discussion  to  the  planar  sample  depicted  in  Fig.  1(b).  Similar 
results  have  been  obtained  for  the  homeotropic  sample  [Fig. 
l(a)| ,  where  the  thermal  index  gradient  involved  is  dni/dT 
We  are  interested  in  a  degenerate  four-wave  mixing  configura¬ 
tion.  As  depicted  in  Fig.  2,  the  applied  optical  field  consists  of 
two  lasers  intersecting  at  a  wave  mixing  angle  d  in  theory  plane 
and  incident  at  an  angle  0  =  0  on  a  planar  sample  with  the  po¬ 
larization  parallel  to  or  perpendicular  to  the  director  axis.  We 
have  used  wave  mixing  angles  ranging  from  1  to  12°,  corre¬ 
sponding  to  optical  grating  constant  ranging  between  about 
34  pm  (1°)  to  about  5  pm.  The  grating  is  characterized  by  a 
wave  vector  q(q  =  kt  -  k2 ).  In  case  (i),  q  is  almost  normal  to 
n  while  in  case  (ii),  q  is  almost  parallel  to  it.  Obviously,  for  a 
finite  wave  mixing  angle,  the  grating  wave  vector  q  is  not  ex¬ 
actly  normal  (or  parallel)  to  n.  However,  since  the  wave  mixing 
angle  is  small,  the  correction  factor  for  components  in  the 
directions  other  than  the  ones  stated  is  small  and  may  be 
neglected. 

Following  standard  nematic  theory,  the  optical  dielectric 


constants  eu (nj[ )  and  ei(«i )  are  given  by 

e(,  =  et(T)  +  2/3  Ae(7")  (2) 

and 


ci  =  0(7')-  1/3  Aem  (3) 

where  e/(T)  is  the  dielectric  constant  associated  with  the  ne¬ 
matic  in  the  zero-ordered  phase  (5  =  0) 

Np 

€/=  1  +  ~ —  —  («*/*/  +  2aTkT).  ei  ~  1  +  const,  p.  (4) 
ie0M 

p  is  the  density  of  the  nematic  and  ott  T  and  k,  T  are  the 
longitudinal  and  transverse  components  of  the  molecular  elec¬ 
tronic  polarization  tensor  a  and  the  internal  field  tensor  A1  J. 
The  dielectric  anisotropy  Ae  is  given  by 

Np 

Ae= — —  (ctik,  -  ctTkT):  Ae-p5  (5) 

e0  M 


where  5  is  the  order  parameter.  The  order  parameter  in  most 
nematics  is  well  approximated  by  the  expression. 


5  = 


(> 


0.98 


TV2  \ 

T\i  Kw  ) 


0.22 


(6) 


where  T/y,-  is  the  nematic  «•  isotropic  phase  transition  tempera¬ 
ture,  and  are  the  corresponding  molar  volumes.  In  general, 
therefore,  the  dielectric  constant  e  of  a  particular  nematic  is  a 
function  of  p  and  S,  which  in  turn  depend  on  T. 

Studies  of  thermal  index  change  in  nematics  can  be  extremely 
complicated,  since  almost  all  the  parameters  mentioned  so  far 
(p,5,  V),  and  other  parameters  (e.g.,  specific  heat)  that  are  im¬ 
portant  in  wave  mixing  diffraction  efficiency  are  temperature 
dependent.  K  is  futile  and  probably  meaningless  to  accouni 
for  all  temperature  dependences.  We  shall  focus  here  on  the 
induced  density  and  order  parameters  changes,  whose  effects 
dominate  the  wave  mixing  processes. 

Equations  (4)  and  (5)  can  be  rewritten  to  give 


e,  =  1  +C,p 


(4a) 


and 


Ae  =  C2pS 


(5a) 


where  C\  and  C2  are  constants  deducible  from  (4)  and  (5). 
From  known  values  of  p<  —  1  gm  •  cm"3 ).  5(0.6),  Ae(0.65), 
and  ei((1.53)2)  for  PCB  (at  20°C),  we  get  C|  —  1.33  and 
C2  ~  1.12.  combining  (4)  and  (5)  and  using  n 2  =  e.  we  get 


dn , 

dp 

dSl 

- -  =  2  n  ' 1 

(1.33  0.375) - 

0.37  - 

dT 

dT 

dT  . 

(7) 


For  PCB.  5  ranges  from  about  0.6  (at  20°C)  to  near  vanishing 
value  at  Tni.  Notice  that  for  dn^ldT,  we  get  a  similar  expres¬ 
sion  as  (7)  with  the  numerical  factor  ( -  0.37)  on  the  right-hand 
side  replaced  by  (0.74).  Both  dpfdT  and  dS/dT  are  negative. 
However,  dSjdT  is  larger  in  magnitude  and  therefore  dit^/dT 
is  negative  and  dn\jdT\s  positive. 

Some  numerical  estimates  may  be  illustrative.  Consider  PCB 
at  20°C.  Using  measured  values  of  dp/dT(b  X  !0'4  gm/cm'1 
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K.  1 ),  p(l  gm/cm  3),  and  the  value  of  0.37  dS/dT  calculated 
from  (6)  (-  6.9  X  10'3  K"1 ),  we  get  dn/dT  ~  2.7  X  I0"4  + 

+6.9  X  10'4)~4.2X  I04  K“'.  This  value  agrees  with  the 
experimental  value  of  4  X  10~4  quite  closely.  Fig.  3  shows  ex¬ 
perimental  values  of  dn^/dT  and  dni/dT  and  some  theoretical 
points.  Values  calculated  for  other  temperatures  also  agrees 
fairly  with  experimental  results,  although  discrepancies  arise 
as  one  approaches  rnl-.  There  are  several  reasons  for  the  dis¬ 
crepancies.  One  possibly  is  due  to  the  breakdown  of  the  mean 
field  theory  on  which  the  expressions  for  S  and  e  are  based. 
Secondly,  we  have  not  included  any  near-field  corrections  in 
our  calculation.  Nevertheless,  the  point  to  note  from  these 
plots  is  the  largeness  of  dn/dT  and  its  dramatic  increase  with 
temperature. 

Following  a  short  laser  pulse,  a  temperature  grating  A T(q ,  t ) 
is  generated  in  the  medium.  The  response  of  the  medium  as 
observed  in  our  experiment  follows  the  time-integrated  intensity 
of  the  laser,  and  maximum  diffraction  is  observed  immediately 
following  (within  the  laser  pulsewidth)  the  laser.  The  resultant 
refractive  index  grating  A n(q:  t)  consists  of  two  components. 
One  is  associated  with  the  order  parameter  fluctuations  A S(q,  t) 
while  the  other  with  the  density  tluctuation  A S(q\  /).  Under 
appropriate  conditions  (e.g.,  comparable  magnitude  of  contribu¬ 
tion  in  An  from  AS  and  Ap)  the  propagating  A p  grating  will 
interfere  with  the  nonpropagating  (diffusive  type)  AS  grating, 
leading  to  modulation  in  the  diffraction  from  the  grating  [I6| , 
( 1 7 1 .  The  period  of  modulation  /s"’  of  the  temporal  behavior 
of  the  diffraction  from  the  grating  (of  a  CW  probe  laser)  is 
simply  given  by  2n/  |<y|  C/1  (where  Cs  is  the  velocity  of  sound 
and  |r/|  =  2\k  ]  sin  0/2). 

For  a  quantitative  analysis  of  the  diffraction  efficiency,  we 
note  here  an  important  point  with  respect  to  nematics,  namely, 
that  the  thermal  index  gradient  dn/dT  is  not  a  constant  as  a 
function  of  the  temperature.  As  a  matter  of  fact,  it  increases 
by  more  than  one  order  of  magnitude  as  one  approaches  the 
nematic  ~  isotropic  phase  transition  [18]  (cf. ,  Fig.  3).  Fur¬ 
thermore,  values  of  the  p,  the  heat  capacity  Cp,  and  the  absorp¬ 
tion  coefficient  a  of  the  material  needed  for  calculating  the 
diffraction  efficiency,  are  also  sensitive  to  the  temperature 
[19],  To  get  a  good  (and  semiquantitative)  insight  into  the 
diffraction  efficiency,  we  choose  for  our  theoretical  calcu¬ 
lations  the  parameters  A  T  (rise  in  temperature),  and  An  (the 
corresponding  change  in  the  refractive  index),  associated 
with  the  input  pump  energies.  Both  parameters  can  be  easily 
measured  experimentally.  In  the  language  of  the  usual  four- 
wave  mixing  calculations  (20) ,  the  two  pump  lasers  set  up  an 
index  grating  An  that  oscillates  spatially  with  a  wave  vector 
q  =  *i  -  *2  In  conjunction  with  a  probe  laser  (incident 
at  ki ,  say),  this  generates  a  diffraction  at  =  2 A ,  -  .  The 

maximum  amplitude  of  the  diffraction  (corresponding  to  the 
maximum  An,  which,  as  a  function  of  time,  reaches  a  maximum 
value  as  the  temperature  of  the  sample  rises  to  a  maxima)  is 
given  by 


-o 


kAnT,  (sindfcd) 
2n  dk 


(8) 


assuming  small  absorption  loss  and  small  wave-mixing  angles 
(valid  in  our  case  involving  pure  PCB),  dk  is  the  magnitude  of 


I  ig.  3.  Plot  of  dn^/dT  and  i InJdT  for  PCB  as  a  function  of  tempera¬ 
ture:  data  is  deduced  from  (18).  Note  that  both  dn/dT  increase  by 
an  order  of  magnitude  n-ar  jNi.  The  value  of  dn/dT  of  a  high  ther¬ 
mal  index  gradient  liquid  like  cyclohexane  is  about  4  x  10"4  K'1 
Some  sample  theoretical  estimates  are  also  indicated  i*  and  j). 


the  momentum  mismatch.  Equation  (8)  gives  a  maximum  dif¬ 
fraction  efficiency  ID/l i  of 

k2  /sin  dk  d  \  ~ 

R  max' — —(An)'  I - )  .  (9a) 

4  n2  \  dk  ) 

For  typical  experimental  parameters  (X  =  0.53  pm.  k,  =k 2  = 
2nn/\.  0  (in  air)  =  2°.  d  =  40  /mi),  dk  -  k  02  -  (39  pm)2. 
which  is  close  to  d 2  =  (40  pm)2.  Equation  (9)  possesses  an 
obvious  overestimate  factor  of  the  experimentally  realizable 
diffraction  efficiency.  Both  the  probe  and  the  diffracted  beam 
suffer  scattering  loss  in  traversing  the  sample  (typically  about  20 
percent  due  to  reflections  at  the  glass-air,  glass-nematic  bound¬ 
aries,  and  the  nematic  orientational  fluctuation  scattering). 
These  losses  in  conjunction  also  with  the  “Gaussian”  shape  in¬ 
tensity  profiles  of  the  beam  can  easily  contribute  to  at  least  an 
order  of  magnitude  lower  diffraction  efficiency  in  the  actual 
observed  value. 

Alternatively,  one  can  also  use  the  thin  phase  grating  expres¬ 
sion  as  in  (9|,  by  replacing  all  the  temperature  dependent 
parameters  like  dn/dT.  Cp.  and  p,  by  their  average  values.  In 
the  temperature  range  involved  (21-30°C ),  p  and  Cp  varies 
only  slightly  (<10  percent),  and  thus  can  be  assumed  constant . 
On  the  other  hand.  dn/dT.  (e.g.,  for  Hj )  changes  by  a  factor  of 
2  (cf..  Fig.  3),  from  ^0.0004  to  '-0.001 .  The  average  dn/dT 
is  thus  taken  to  be  0.0007.  The  only  unknown  parameter  for 
PCB  is  the  absorption  coefficient  a.  This  is  estimated  from 
experimental  observation  of  the  temperature  rise  for  a  given 
incident  laser  energy.  We  found  that  ad  -  3  X  10"  ',  where  d 
is  the  sample  thickness  (d  -  40 /am).  Following  |9| ,  the  maxi¬ 
mum  diffraction  efficiency  is  given 

Rm  ~~  TD2UX  UiT)  (9b) 

where  T  is  the  transmission  coefficient  at  frequency  v  of  the 
third  (probe)  beam,  D  =  Fp'Cp1  dn/dT,  and  (7,  and  U2  are 
the  energies  (per  centimeter2 )  ol  the  pump  lasers,  and  rj  ~  ad. 
We  must  remark  here  that  both  (9a)  or  (9b)  are  at  best  order 
of  magnitude  estimates  of  the  diffraction  efficiency. 
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The  large  change  in  the  retractive  index  of  liquid  crystal  over 
a  small  temperature  rise  is  due  to  its  inherently  large  thermal 
index.  At  21°,  dnJdT  is  ~4  X  10'4  ,  which  is  already  larger 
than  almost  all  high  index  liquids  [21 1  (e.g.,CS2  and  cyclohex¬ 
ane).  Note,  however,  that  dn„ldT  has  an  even  larger  magni¬ 
tude  ~3  X  10’3.  Thus,  utilizing  An „  (or  Artx  and  A«n  near 
7c,  where  both  increase  by  an  order  of  magnitude)  will  greatly 
enhance  the  diffraction  efficiency. 

Experiment 

We  have  conducted  experiments  with  principally  two  kinds  of 
nematics:  MBBA  (p-methoxybenzylidene-p-n-butylaniline) 
and  PCB  (pentyl-cyano-biphenyl).  PCB  absorbs  very  little  at 
the  0.53  jam  (SHG  of  Nd  :  V AG)  wavelength  used.  To  increase 
the  absorption,  we  have  also  used  PCB  samples  with  traces 
of  dissolved  dyes  (Rhodamine  6G).  Comparative  studies  are 
made  for  samples  with  dissolved  dyes  and  the  pure  samples  to 
ascertain  the  roles  of  the  dye  molecules.  MBBA  absorption  at 
0.53  pm  is  considerably  more  than  PCB’s.  However,  as  often 
noted.  MBBA  is  rather  unstable  with  the  age  of  the  sample. 
The  overall  results  obtained  for  MBBA  are,  however,  similar  to 
those  obtained  with  PCB,  which  appears  to  be  stable  over  a 
period  of  months. 

The  typical  sample  used  is  40  pm  thick.  Planar  alignment  is 
obtained  by  the  rubbing  method  with  lens  tissues.  Sample 
temperature  is  maintained  at  21°.  (The  nematic  *-  isotropic 
transition  temperature  Tc  of  PCB  is  35°. )  At  this  temperature. 
n i  -  1.52.  n„  -  1.72,  and  ~  1.58.  The  experimental 

setup  is  schematically  depicted  in  Fig.  2.  The  pump  laser  pulses 
are  derived  from  the  SHG  of  a  £Xswitch  Nd:YAG  laser.  The 
output  from  this  laser  is  either  in  the  single  [Fig.  2(a)|  or  a 
time-modulated  two-mode  [Fig.  2(b)|  state.  The  laser  pulse 
width  ( FWHM)  is  typically  20  us,  and  the  laser  energies  used  lie 
in  the  range  of  a  few  millijoulcs  to  35  mj.  The  incident  lasers 
are  weakly  focused  at  the  sample  to  a  spot  sue  of  "0.64  mm: . 
The  sample  is  oriented  with  the  plane  normal  to  the  incident 
laser  beams,  with  the  director  axis  n  oriented  either  parallel  (||) 
or  perpendicular  (1)  to  the  optical  field  polarization.  A  linearly 
polarized  He-Ne  laser  is  used  to  probe  the  grating  and  the  dif¬ 
fraction  following  each  single  pump  laser  shot  is  monitored 
with  a  monoehromator-PMT  setup  and  analyzed  by  a  transient 
waveform  digitizer  or  a  fast  storage  scope. 

Results  and  Discussions 

Depending  on  the  wave-mixing  angle  and  the  type  of  pump- 
pulses  used,  there  are  essentially  two  types  of  time-dependence 
of  the  diffraction  from  the  transient  grating  as  probed  by  the 
He-Ne  laser.  Results  quoted  below  involve  the  ordinary  refrac¬ 
tive  index  change  An.  One  is  depicted  in  Fig.  4(a).  which  is 
obtained  using  single-mode  laser  pulses  [Fig.  2(a)|.  We  have 
a  monotonic  rise  followed  by  a  ntonotonic  long-lived  decay. 
The  rise  time  is  within  the  pulse  length  of  the  laser  (which  has 
a  FWHM  of  about  20  ns).  On  the  other  hand,  if  the  excitation 
is  a  time  modulated  |Fig.  2(b)|  laser  pulse,  modulations  due 
to  the  acoustic  waves  are  observed  during  the  first  100  ns  or  so 
of  the  diffraction,  [as  depicted  in  Fig.  4(b)|  at  an  external 
wave -mixing  angle  =  2  At  other  angles,  modulations  are  also 


fig.  4.  The  diffraction  from  the  He-Ne  as  detected  by  the  transient 
waveform  digitizer,  (a)  Using  single-mode  Nd.VAtl  Slid  as  pump 
lasers.  Time  scale  is  50  ns/dw,  showing  ntonotonic  rise  of  the  dif¬ 
fracted  signal  to  a  maximum  within  50  ns  from  the  start  of  the  pump 
laser,  lb)  Modulated  diffraction  from  the  He-Ne.  lime  scale  is 
20  ns  /die. 


observed  but  the  modulation  depth  is  less  The  modulation  is 
maximum  at  0  =  2  '  because  the  modulation  frequency  is  "at 
resonance"  with  the  acoustic  f  requency  as  confirmed  in  a  recent 
report  1 1  2| .  Fig.  4(b)  also  allows  us  to  estimate  the  acoustic 
attenuation  time  constant  in  nematic  liquid  crystal  to  be  about 
100  ns  at  the  acoustic  frequency  of  90  MH/  (since  the  inter¬ 
ference  effects  between  the  density  (acoustic)  and  the  order 
parameter  gratings  decay  in  a  time  scale  of  this  order).  This  is 
probably  the  first  direct  time-dependent  measurement  of  the 
acoustic  attenuation  time  constant.  The  velocity  of  sound  in¬ 
terred  from  these  experimental  measurements  ('■1.53X  10' 
cm/s)  for  nematic  is  in  good  agreement  with  known  results. 

More  quantitative  results  of  the  density  and  order  parameter 
can  also  be  deduced  from  Fig.  4.  The  parameters  used  in  the 
experiment  for  getting  the  tesults  depicted  in  Fig.  4(b)  are  as 
follows.  The  energy  in  each  ot  the  pump  beams  is  about  10  mp 
The  diffraction  efficiency  (associated  with  dn<  ' JT )  is  measured 
to  be  2  percent.  The  spot  sizes  of  the  incident  l.isei  beams  are 
0.6  mm2.  The  initial  leinperatuie  ol  the  sample  is  2 1  .  Pulse 
duration  is  about  20  ns  (FWHM).  In  a  sepaiate  expeiimeiit. 
we  have  estimated  that  the  rise  in  the  temperaiuie  ot  the  sam¬ 
ple  is  about  9  ('.  (To  determine  the  tempeiatuie  rise  due  to 
the  laser  pulses,  we  noted  ihe  total  pulse  eneigy  needed  to  |ust 
heat  the  sample  to  the  isotiopic  phase  (  %  30  nq  I.  i  e  .  30  tli|  is 
needed  to  induce  a  14  change  m  tempeiatuie  In  oui  expon- 
merit,  the  t"t<il  lasei  pulse  eneigy  is  20  mp  which  gives  us  an 
estimate  (by  no  means  exact )  ot  about  9  vise  m  temperature). 

From  known  experimental  data,  tins  corresponds  to  a  change 
in  the  refractive  index  An  of  0  004.  For  the  same  tempera- 
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ture  rise,  the  change  in  the  refractive  index  A n^p)  is  -0.004, 
implying  therefore  A n(S)  associated  with  the  order  parameter 
of  0.0008.  Since  AnL(p)  and  Art^S)  are  comparable,  one 
expects  large  modulations  in  the  diffracted  signal,  which  is 
indeed  experimentally  observed  [cf .,  Fig.  4(b)| .  In  general, 
modulations  are  not  detectable  in  samples  where  there  is  large 
induced  temperature  change  (or  refractive  index  change,  equiv¬ 
alently)  whence  the  A n(S)  component  dominates. 

Using  the  experimental  parameters  ( A/i^  =  0.004,  d  =  40  pm. 
X  =  0.53  pm.  0a;r  =  2°).  the  forward  diffracted  efficiency  as 
probed  by  the  YAG  laser  pulses  themselves  can  be  estimated 
from  (9a)  to  give  Rm ax  ~  2  X  10'1 .  Using  the  expression  (9b). 
with  the  parameters  (7’'-l).  Z)(liquid  crystal)  —  2  X  10~2 
(comparable  to  cyclohexane).  U,  ~~  U2  "  1  6  J/cm2,  i)'3X 
10"3,  we  also  get  /?max  —  2  X  10  1  .  Experimentally  we  ob¬ 
serve  a  diffraction  efficiency  of  2  X  10’2.  There  are  several 
reasons  for  the  experimentally  observed  lower  diffraction  effi¬ 
ciency.  Principally,  we  have  not  included  losses  (in  both  the 
pump  and  the  probe,  as  well  as  the  signal)  in  the  liquid  crystals, 
from  scattering  and  reflection  losses  from  the  glass  slides.  Sec¬ 
ondly.  the  grating  builds  up  on  the  order  of  the  laser  pulse 
duration,  and  thus  probing  it  with  a  time  coincident  pulse  of 
the  same  duration  may  well  not  give  the  highest  efficiency 
estimated  in  the  theory.  Finally,  beam  spot  size,  nonuniform 
spatial  intensity  distributions,  etc.,  that  normally  lower  the 
experimentally  observed  value  (compared  to  iheory)  are  all 
expected  to  contribute  to  some  errors. 

It  is  not  our  intention  here,  of  course,  to  delve  into  a  detailed 
quantitative  exposition  of  the  diffraction  efficiency.  Rather, 
noting  that  the  parameters  governing  the  diffraction  efficiency 
and  their  roles,  one  can  draw  some  conclusions  regarding  means 
of  optimizing  the  four-wave  mixing  process. 

One  obvious  way  is  to  employ  dn^ldt  (which  is  about  seven 
times  dn  ;dt  in  the  same  temperature  range),  as  we  will  pres¬ 
ently  see.  Another  way  is  by  going  to  a  slightly  thicker  sample. 
Our  previous  experiments  have  indicated  that  100  pm  thick 
samples  are  probably  ideal  in  terms  of  stability  (alignment) 
and  losses  (scattering).  These  two  factors  could  easily  increase 
the  dittraclions  by  two  orders  of  magnitude. 

For  the  same  temperature  rise,  the  change  in  the  extraordi¬ 
nary  retractive  index  A«n  is  much  larger  (A«n  ^-0.03  for  the 
same  temperature  rise).  Under  the  same  experimental  situation, 
a  diffraction  efficiency  of  about  2  X  10'1  is  observed  (i.e..  a 
ten-fold  increase).  At  least  a  factor  of  two  in  the  diffraction 
efficiency  was  also  observed  in  thicker  samples  ( =e7 5  pm). 

The  decay  behavior  of  the  diffractions  (from  the  He-Ne)  is 
depicted  in  Fig  5(a)  and  (b).  for  the  case  where  q  is  normal  to 
the  director  axis  n.  and  for  q  parallel  to  n.  respectively.  Since 
the  grating  constant  is  about  I  7  pm  (for  rt,  )  at  a  2"  cross  angle, 
while  the  sample  thickens  is  40  pm.  the  thermal  diffusion 
may  be  approximated  as  a  1  -dimensional  problem  along  q  (for 
this  crossing  angle  at  least).  In  that  case,  the  decay  time  con¬ 
stants  are  given  by  =  (£>Lz/f )"‘  and  7, ,  =  {D,  ,r/2 ,  U1  . 
respectively.  Using  the  value  fl[  =  7.9  X  I0"1  cnr/cm"1. 
Du  =  1 .25  X  10  3  cm2/s_l.  and  q2  ~  ( 2  tr/T  7  pm)2,  and 
r/ii  '  ((«n  ■  2 rr/rr. )  17  pm)2 ;  we  get  7  =  1  10  ps  and  7,,  of 
55  ps.  Experimentally,  we  obtain  [from  Fig.  5(a)  and  ( h ) J  a 
value  of  100  ps  for  r  and  50  ps  for  rn  .  showing  remarkable 


(b) 

Fig.  5.  (a)  The  decay  of  the  thermal  grating  as  monitored  by  the  He-Ne 
diffraction.  Time  scale  is  50  *is Idw.  The  grating  wave  vector  <j  is  per¬ 
pendicular  to  the  director  axis  n.  (b)  Thermal  grating  decay  for  q 
parallel  to  the  director  axis  n.  Decay  is  shorter  by  a  factor  of  two. 

agreement  with  the  theoretical  expectation.  In  general,  the 
decay  time  constant  decreases  as  we  increase  the  wave-nuxing 
angle  0  (i.e..  increase  q).  in  a  roughly  q  2  dependence. 

The  rather  large  amount  of  pump  energy  needed  to  generate 
the  observed  diffraction  is  simply  due  to  the  fact  that  the  liquid 
crystal  used  (PCB)  absc  bs  very  little  at  the  pump  laser  wave¬ 
length  (0.53  pm).  The  absorption  can  be  easily  increased  by 
"doping"  the  PCB  with  traces  of  dissolved  dyes.  Using  dyed 
samples,  the  same  diffraction  efficiency  is  observed  using  pump 
laser  energies  on  the  order  of  3  or  4  mj.  A  detailed  study  of 
both  the  rise  and  the  decay  of  the  diffraction  shows  that  there 
is  hardly  any  difference  compared  to  the  "undyed"  or  pure 
nematic.  This  indicates  that  the  dye  molecules  essentially  act 
as  absorbers  and  rapidly  transfer  the  excitation  to  the  nematic 
via  some  intermolecular  relaxation  processes. 

In  the  case  of  dyed  samples,  the  sample  shows  sign  of  heating 
through  the  nematic  -*  isotropic  transition  at  slightly  elevated 
input  energies  OIO  mj).  In  that  case,  multiorder  diffractions 
are  observed.  The  decay  is  cluuacteri/ed  by  very  long  lifetime 
(cf..  Fig.  b)  on  the  order  of  -  1  50  ms.  This  is  consistent  with 
the  fact  that  when  the  input  energies  are  high,  grating  or  "line" 
of  liquid  are  produced  j 22 1  When  these  lines  cool  through 
the  isotropic -nematic  point,  the  orientations  of  the  director 
axes  will  be  random.  These  lines  of  nematics  (with  a  refractive 
index  ( '  1 .58)  higher  than  the  surrounding  nematic  n  "  1.52) 
reorient  themselves  with  a  time  constant  characterized  by  the 
grating  spacing  Xq  of  17  pm.  (which  is  much  smaller  than  the 
thickness  of  the  sample  40  pm).  Using  the  well-known  results 
for  r  in  terms  of  the  viscosity  (7  =  yXq'kn:  ).  we  get  a  reorien¬ 
tation  time  of  ==290  ms  (using  K  -  0.7  X  10"* .  y  "  0.7 .  Xq  = 

I  7  pm i  in  support  of  the  above  experimental  observation. 
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I ■'*¥-  6-  The  decay  behavior  of  the  thermal  grating  of  a  ‘dyed"  PC  H 
sample  when  the  grating  maxima  give  rise  to  liquid  phase.  Time  scale 
is  50  ms/div.  The  observed  relaxation  time  of  -  150  ms  is  consistent 
with  the  theoretical  prediction  based  on  reorientation  mechanisms. 


Further  Remarks 

Time  dependence  studies  of  thermal  effects  in  liquid  crystals 
are  both  interesting  (and  new)  and  necessary. 

Our  study  has  resulted  in  the  determination  of  several  key- 
parameters  needed  for  a  quantitative  determination  of  the  suit  - 
ability  and  superiority  over  other  materials,  of  nematics  for 
pulsed  laser  wave-mixing  processes.  Since  the  thermal  decay 
constants  are  on  the  order  of  microseconds,  pulsed  lasers  of 
considerably  less  power  can  be  employed  (e.g..  a  10  mj.  10  ps 
laser  with  a  power  of  I  kW)  lor  wavefront  conjugation  or  other 
purposes.  Microsecond  lasers  also  eliminate  complications 
from  acoustic  waves  interference.  The  versatility  of  nematics 
can  be  widened,  and  the  pump  energy  requirement  reduced,  if 
appropriate  dyes  arc  dissolved  in  the  nematics.  Operating  near 
7c  (but  not  too  near  to  induce  instability)  will  also  obviously 
improve  the  diffraction  efficiency.  Experimentally  we  have 
verified  that  the  diffraction  increases  by  more  than  an  order  of 
magnitude  at  temperatures  near  7c.  Utilizing  A/tn  will  also 
improve  the  diffraction  efficiency  by  at  least  an  order  of  mag¬ 
nitude  over  JinL,  as  we  have  demonstrated. 

Using  these  new  known  experimental  results  o,t  the  dynami¬ 
cal  constants  of  the  wave-mixings  and  nematic  parameters,  we 
are  currently  investigating  the  actual  optimum  configurations 
for  wavefront  coniugation  applications. 
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Abstract.  Liquid  crystals  as  nonlinear  optical  materials  are  reviewed.  Potential 
applications  of  these  materials  in  wave  mixing,  phase  conjugation,  and  optical 
bistability  are  discussed.  The  extremely  large  optical  nonlinearity  and  the  slow 
response  time  of  these  materials  make  them  unique  for  studies  of  some  highly 
nonlinear  optical  processes  and  their  dynamic  characteristics. 
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1.  INTRODUCTION 

Liquid  crystalline  materials  are  generally  composed  of  highly  aniso¬ 
tropic  molecules.  Strong  correlation  in  the  orientations  of  such 
molecules  can  lead  to  the  mesomorphic  phases  in  which  the  mole¬ 
cules  are  orderly  aligned  and  the  medium  behaves  like  an  anisotropic 
fluid.1-2  The  degree  of  molecular  alignment  as  well  as  the  direction 
can  easily  be  changed  by  external  perturbation.  '-5  As  a  result,  liquid 
crystals  form  a  unique  class  of  optical  materials  that  have  attracted 
much  attention  in  the  past  13  years.  They  are  strongly  birefringent 
and  exhibit  huge  electro-  and  magneto-optical  effects.  Therefore, 
they  have  been  used  in  practical  applications  as  sensing,  display,  and 
memory  devices.5-4 

Liquid  crystals  are  also  highly  nonlinear  ,5-4  Since  they  differ  from 
ordinary  organic  liquids  only  in  molecular  arrangement,  the  elec¬ 
tronic  contribution  to  the  optical  nonlinearity  in  such  materials  is  not 
expected  to  be  very  different  from  those  of  ordinary  liquids.  Optical- 
field-induced  molecular  reorientation  is,  however,  much  more  signif¬ 
icant  in  liquid  crystals  because  of  the  strong  molecular  correlation. 
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As  far  as  field-induced  reorientation  through  induced  dipoles  on 
molecules  is  concerned,  dc  and  optical  fields  arc  basically  equivalent 
aside  from  dispersion.  In  the  mesomorphic  phases,  a  dc  field  of 
— 1 00  V  /  cm  is  often  sufficient  to  ind  uce  a  significant  reorientation  of 
the  molecular  alignment,  leading  to  an  average  refractive  index 
change  as  large  as  —0.01  to  0.1.  The  corresponding  optical  beam 
intensity  is  only  —  1 00  W/  cm2,  which  is  readily  obtainable  from  a  cw 
argon  laser.  Such  a  high  optical  nonlinearity  is  not  easily  found  in 
other  materials  and  renders  liquid  crystals  ideal  for  studies  of  non¬ 
linear  optical  effects  resulting  from  laser-induced  refractive  index 
changes.  The  rather  unique  features  of  liquid  crystals  as  nonlinear 
optical  media  are  that  the  samples  are  inexpensive  and  easy  to 
prepare,  the  induced  refractive  indices  are  highly  anisotropic,  and  the 
response  times  are  very  slow.  Laser  heating  of  liquid  crystals  in  the 
mesophases  can  also  lead  to  a  change  in  the  optical  anisotropy.  The 
response  times  of  the  laser-induced  thermal  efiect  and  the  laser- 
induced  molecular  reorientation  are,  however,  quite  different. 

Although  liquid  crystals  are  birefringent  in  the  mesophases,  they 
are  generally  centrosymmetric  (except  in  the  cholesteric  phase,  where 
the  helical  molecular  anTangement  is  weakly  centroasymmetric.) 
Therefore,  in  such  a  medium,  second-order  nonlinear  optical  pro¬ 
cesses  are  forbidden  and  only  third-order  processes  have  been  stud¬ 
ied  extensively.  Most  of  the  work  has  concentrated  on  studying 
nonlinear  optical  effects  arising  from  the  opiical-field-induced 
refractive  indices  in  liquid  crystals.  These  studies  have  included 
self-focusing,7- 10  self-phase  modulation,11-'2  degenerate  wave  mix¬ 
ing, 15-16  phase  conjugation,17  and  optical  bistability.11-21  The  slow 
response  of  liquid  crystals,  though  detrimental  from  the  practical 
device  point  of  view,  makes  transient  studies  of  these  effects  fairly 
easy  and  interesting  and  provides  some  new  features  to  these  other¬ 
wise  well-known  nonlinear  optical  phenomena.7-10'11-21 

In  the  following  sections,  we  first  present  a  general  description  of 
the  physical  mechanisms  giving  rise  to  the  optical  nonlinearity  in  the 
various  phases  of  liquid  crystalsand  then  briefly  discuss  a  number  of 
nonlinear  optical  processes  that  have  been  observed  in  liquid  crystals 
and  their  possible  applications. 
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1.  OPTICAL  NONLINEARITY  OF  LIQUID  CRYSTALS 

The  electronic  structure  of  liquid  crystals  is  mainly  dominated  by 
that  of  individual  molecules.  The  electronic  contribution  to  optical 
nonlinearity  in  liquid  crystals  is  therefore  essentially  the  same  as  that 
in  liquids.  It  is  generally  not  exceptionally  large,  and  so  we  will  not 
dwell  on  it  here.  Instead,  we  shall  discuss  only  optical  nonlinearity 
arising  from  molecular  motion,  namely,  molecular  reorientation 
and  laser-induced  thermal  effect. 

Consider  first  a  liquid  crystal  in  the  isotropic  phase  in  which 
molecules  are  randomly  oriented.  In  the  presence  of  a  linearly  polar- 
heed  light,  the  molecules  are  partially  aligned  by  the  optical  field.  The 
degree  of  alignment  is  usually  described  by  the  so-called  orienta¬ 
tional  order  parameter  Q  (with  Q  =  0  and  Q  =  I  referring  to 
random  distribution  and  perfect  alignment,  respectively).  We  can 
define  Q  in  terms  of  the  optical  susceptibility  tensor  x 25  Assuming 
that  the  field  E  is  along  ft,  we  have 

_  2 

Xxx  =  X  +  J  A*0Q  . 

(I) 

_  I 

Xyy  Xu  X  J  ^XoQ  * 

where  x  =  ( Xxx  +  Xyy  +  Xz2)/ 3  «  the  average  linear  susceptibility 
of  the  medium  and  A*o  is  the  anisotropy  when  the  molecules  are 
perfectly  aligned  (Q  =  I).  In  the  isotropic  case,  the  optically 
induced  Q  is  expected  to  be  much  smaller  than  one  and  can  be  shown 
to  be  of  the  form 

AXolEl2 

Q  *  Y  — t*~  '  (2) 


Here,  T*  is  a  fictitious  second-order  phase  transition  temperature 
that  is  somewhat  below  the  actual  isotropic-mesomorphic  transition 
temperature  Tni  (Tn1  —  T*  is  often  less  than  1  K).  Thus,  Q  should 
diverge  with  (T  —  T*)_l  as  T  approaches  TNl.  Such  a  pretransi- 
tional  behavior  is  commonly  known  as  critical  divergence.  Physi¬ 
cally,  this  happens  because  the  molecular  correlation  begins  to  set  in 
as  T  approaches  T*.  The  changes  in  the  refractive  indices,  Anxx 
=  —  2Anyy  =  —  2An„  =  (8jr/3)AxoQ.aredirectly  proportional 
to  Q  and  hence  to  (T  —  T*)-1. 

The  above  critical  characteristic  of  liquid  crystals  has  been  veri¬ 
fied  experimentally. a-13  As  an  example.  Fig.  1(a)  shows  that 
dn  =  nxx  —  Byy  of  p-methoxy-benzylidene  p-n  butylaniline 
(MBBA)  indeedvaries  with  (T  —  T*)-1  asT  approaches  TN1.  [In  the 
figure  /}  is  defined  as  (n/ir|E  |  2)6n  withn  =  (nxx  +  nyy  +  nzz)/3.] 
Because  of  critical  divergence,  6n/|  E  | 2  becomes  as  large  as  10-9  esu 
evenat  T  —  TN)  =  5  K.  which  isalmost  100  times  larger  than  that  of 
CSj.  Generally  associated  with  critical  divergence  is  the  critical 
slowing-down  behavior,  that  is,  the  response  time  r  of  6n  is  also 
proportional  to  (T  —  T*)-1,  as  shown  in  Fig.  Kb)  for  MBBA.  At 
T  —  Tni  =  5K,  r  becomes  as  long  as  100  ns.  We  can  define  a  figure 
ofmeritf  =  Anxx/|E|2r  =  (2ir/3n)0/r  to  describe  the  strength  of 
a  nonlinear  medium  in  practical  applications  when  both  the  magni¬ 
tude  and  the  speed  of  response  of  An  are  important.  For  liquid 
crystals  in  the  isotropic  phase,  we  find 


where  v  is  a  viscosity  coefficient.  For  example,  we  have  from  Fig.  1 , 
f  —  6X10-3  esu/s. 

In  the  mesophases,  molecules  are  highly  correlated.  The  optical 
field  is  no  longer  strong  enough  to  modify  the  degree  of  molecular 
alignment  in  any  appreciable  sense,  but  it  is  strong  enough  to  reonent 
the  direction  of  molecular  alignment.  This  is  quite  analogous  to  the 
reorientation  of  magnetization  of  a  ferromagnetic  domain  by  an 
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Fig.  1 .  (a)  Nonlinear  retractive  index  as  t  function  of  temperature  for 
MBBA.  The  A  are  experimental  data  from  optical  Kerr  measurements,  and 
the  o  are  axperimental  date  from  ellipse-rotation  measurements  The 
solid  curve  is  given  by  6.4X10"*/(T— Tc)  with  314.7  K.  (b)  Relaxation 
time  n.  of  the  order  parameter  as  a  function  of  temperature  for  MBBA.  The 
solid  curva  is  the  theoretical  curve,  end  the  dots  are  the  experimental  data 
points.  lAftar  Refs.  22  and  23.) 


applied  magnetic  field.  Because  of  the  correlated  molecular  response 
(or  the  correlated  spin  response  in  the  ferromagnetic  case),  the  result¬ 
ing  change  in  the  refractive  indices  (or  effective  magnetic  susceptibil¬ 
ity  in  the  ferromagnetic  case)  is  extremely  large  but  slow.  Realizing 
that  thedcand  optical  fields  are  equivalent  in  orienting  the  molecules 
if  no  permanent  dipole  is  present,  we  know  mat  a  laser  intensity  of 
—250  W/cm2  (E  =  300  V/cm)  is  capable  of  inducing  an  average 
refractive  index  change  ofO.Ol  toO.l  in  a  nematic  film,24-31  but  the 
response  time  can  be  more  than  a  few  seconds. 

Detailed  theoretical  and  experimental  studies  of  optical-field- 
induced  reorientation  of  molecular  alignment  have  been  carried  out 
on  homeotropic  nematic  films  (i.e.,  molecular  alignment  perpendicu¬ 
lar  to  the  film)  with  extraordinary  laser  beams. 24-51  The  direction  of 
molecular  alignment  (known  by  the  director)  should  obey  the  Euler 
equation  derived  from  minimization  of  the  free  energy  of  the  system. 
Let  0(i)  be  the  angle  the  director  makes  with  the  surface  normal  at  the 
position  z  in  the  film,  (see  Fig.  2).  Then,  we  have52 
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Fig.  2.  Experimental  data  and  theoretical  curves  for  the  phase  shift  Ad 
induced  in  a  260  pm.  homeotropically  aligned.  6CB  film  by  an  Ar+  laser 
beam  at  different  angles  a:  circles  and  solid  curve,  ar=0°;  solid  triangles 
and  dashed  curve.  0=3*:  squares  and  dotted  curve.  a=1 1°.  Inset  shows 
the  experimental  geometry. 


=  [~  G(8)  —  G(flm)  I  'h 

i)z  ~  *1.  H(fl)  J 

where 

[*,|(*ll  —  sin2a)  T'*  i 


H(fl)  =  -  (KMsin2fl  +  K33cos20)  , 

where  e,,  and  t  L  are  the  optical  dielectric  constants  parallel  and 
perpendicular  to  the  director,  respectively,  1  is  the  incident  laser 
beam  intensity,  a  is  the  incident  beam  angle  measured  in  the  medium, 
and  K., ,  and  K33  are  the  splay  and  bend  elastic  coefficients,  respec¬ 
tively.  The  solution  of  Eq.  (4)  is  subject  to  the  boundary  condition 
6  =  0  at  z  =  0  and  z  =  d.  If  a  normally  incident  probe  beam  is 
now  used  to  measure  the  reorientation,  it  should  experience  a  local 
extraordinary  refractive  index 


n(z)  = 


.  %  'A 

*11 


(tj.cos^  +  t1sin20)'A 


The  overall  phase  shift  induced  by  the  optical  field  across  the  film  is 
then  given  by 
d 


*=  2f  J  n(z)  -  dz 


Figure  2  shows  the  calculated  <t>  versus  1  induced  in  a  250  pm 
homeotropic  4-cyano-4-pentylbiphenyl  (5CB)  film  at  three  different 
incident  angles.  The  theoretical  curves  are  in  good  agreement  with 
the  experimental  result.  We  noticed  that  in  the  a  =0  case,  reorien¬ 
tation  occurs  only  when  the  pump  beam  intensity  is  above  a  thresh¬ 
old  value.  Analogous  to  the  dc-field-induced  reorientation,  such  a 
critical  behavior  is  known  as  the  Freederickscz  transition.  As  seen  in 
Fig.  2,  near  Freederickscz  transition  a  small  change  in  the  pump 
intensity  I  can  induce  a  rather  appreciable  change  in  the  phase  shift. 
One  can  use  a  bias  field,  which  can  be  either  optical  or  dc,  to 
selectively  place  the  initial  operating  point  on  the  characteristic  curve 


Fig.  3.  Refractive  indice*  of  6CB  versus  temperature,  measured  by  the 
surface  plesmon  technique  (open  circles)  and  by  the  critical  angle  method 
(solid  circles).  (After  Ref.  39.) 


(d>  versus  1).  If  the  operating  point  on  the  a  =  0  curve  is  set  near  the 
transition  threshold  in  Fig.  2,  then  a  pump  intensity  of  a  few  W/cm2 
is  already  sufficient  to  induce  a  rr  phase  shift.  Such  an  intensity  is 
obtainable  even  with  a  focused  He-Ne  laser  beam.  The  average  value 
of  the  induced  refractive  index  change  across  the  film  in  this  case  is 
An~I0-3,  or  An/|E|2~2X  I0~2  esu,  which  is  2X109  times  larger 
than  for  CS2. 

As  one  would  expect,  the  very  large  An  is  generally  associated 
with  a  very  slow  response.  The  dynamic  response  of  director  reorien¬ 
tation  is  quite  complex.  With  some  simplifying  assumptions,  it  can 
be  shown  that  the  induced  phase  shift  obeys  the  following  relaxation 
equation13: 


'a  l  \  “e 

_ +  =  _i  , 

\dT  Te  Te 


where  ae  is  a  constant  depending  on  the  initial  orientation  of  the 
director  and  t#  —  y/[jr2K/d2  —  G]  is  the  relaxation  time,  where  y 
is  a  viscosity  coefficient  and  G  is  a  function  of  the  bias  field.  Both 
theory  and  experiment  show  that  tq  is  of  the  order  of  a  few  seconds  to 
a  few  tenths  of  a  second  for  a  5CB  film  of  ~100  pm.  Taking  the 
average  An/|E|2  to  be  —2X10-2  esu,  we  have  a  figure  of  merit 
0  —  An/(|E|2r9)  *  2XI0_3esu/s,  which  is  about  the  same  as  that 
for  5CB  in  the  isotropic  phase.  In  comparison,  fi  is  ~5  esu/  s  forCSj. 
Thus,  in  some  applications,  if  both  the  speed  and  the  magnitude  of 
the  nonlinear  optical  response  are  important,  then  nematic  liquid 
crystals  are  certainly  not  the  best  materials  to  be  used  in  spite  of  their 
very  high  An/|E|2. 

Director  reorientation  by  optical  fields  can  in  principle  also  occur 
in  smectic  and  cholesteric  liquid  crystals.  The  situation  is,  however, 
much  more  complicated  because  of  additional  constraints  arising 
from  the  ordered  structures  characteristic  of  such  phases.  Although 
theoretical  calculations  predict  the  possibility  of  observing  director 
reorientation  in  these  materials,34- 17  thorough  experimental  studies 
of  the  effect  have  not  yet  been  carried  out. 

Aside  from  laser-induced  molecular  reorientations,  laser  heating 
can  also  induce  a  change  in  the  refractive  index  of  the  liquid  crystal.38 
Even  in  normally  transparent  liquid  crystalline  materials,  residual 
adsorption  of  a  laser  beam  can  lead  to  a  detectable  temperature  rise. 
For  example,  propagation  of  a  350  W/cm2  cw  Ar  laser  beam 
through  a  100  pm  5CB  film  results  in  a  temperature  rise  of 
—2  K  on  the  beam  axis.  The  refractive  index  change  due  to  heating  is 
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given  by 
fin 

An=-AT 


(9) 


In  the  isotropic  phase,  fin/ fiT  is  not  very  different  from  those  of 
other  organic  liquids  and  is  generally  dominated  by  thermal  expan¬ 
sion.  Typically,  fin/9T  is  of  the  order  of  SXIO^/K.  In  the  meso- 
phases,  the  temperature  rises  also  affect  the  degree  of  molecular 
alignment  and  hence  the  refractive  indices.  Similar  to  Eq.  ( 1 ),  we  can 
define  the  order  parameter  Q  of  a  nematic  liquid  crystal  by  the 
relations 


= '  n  +  |  An0Q  , 


_  1 

nyy  =  nzz  =  n  “  5  An0Q 

We  then  have 


(10) 


finv 


fiT 


fin 

7F  +  3Q 


dAn0 

3T 


2  3Q 
+  jAn0  — 


dn  2  fiQ 
fiT  +  3  An°  fiT 


9nxx  fitlyy  fiQ 

~ fiT  3T~  ~  ^  3T 


(11) 


Figure  3  shows,  as  an  example,  how  nxx  and  nyy  of  5CB  vary  with 
temperature.3’  In  the  nematic  jjhase,  the  term  An0(fiQ/  3T)  is  of  the 
same  order  of  magnitude  as  fi  n  /  fiT,  which  is  nearly  the  same  as  that 
in  the  isotropic  phase. 

The  dynamics  of  the  laser-induced  thermal  effect  are  also  very 
complex.  With  simplifying  approximations,  the  induced  phase  shift 
across  a  film  can  be  described  by  a  thermal  relaxation  equation 
driven  by  laser  heating33: 


where  ay  is  proportional  to  the  absorption  coefficient,  rT  ~  d2/  rr^D 
is  the  relaxation  time,  and  D  is  the  heat  diffusion  constant.  For  a 
100  fim  film,  rT  is  of  the  order  of  0. 1  s,  which  could  be  two  or  three 
orders  of  magnitude  shorter  than  the  orientational  relaxation  time 
Tg.  If  we  take  An/|E|2  ~10-3  esu  and  rT  ~0.1  s  for  the  laser- 
induced  thermal  effect,  the  corresponding  figure  of  merit  0  = 
An/| E | 2  rT  is  ~10-2  esu / s.  Both  laser-induced  molecular  reorienta¬ 
tion  and  laser-induced  thermal  effect  may  influence  the  observed 
nonlinear  optical  effects  in  liquid  crystals,  as  will  be  shown  in  the 
following  sections. 

3.  NONLINEAR  OPTICAL  EFFECTS  IN 
LIQUID  CRYSTALS 

Nonlinear  optical  effects  in  liquid  crystals  are  readily  observable. 
Because  of  the  difference  in  the  magnitudes  of  optical  nonlinearities, 
studies  of  nonlinear  optical  processes  in  the  isotropic  phase  generally 
require  fairly  high-power  pulsed  lasers.  On  the  other  hand,  for  obser¬ 
vation  of  nonlinear  optical  effects  in  mesophases,  a  medium-power 
cw  laser  beam  would  suffice.  Here,  we  briefly  describe  a  variety  of 
nonlinear  optical  processes  in  liquid  crystals  that  have  been  studied 
quite  extensively  in  the  past  and  also  some  of  the  newly  observed 
interesting  phenomena. 

3.1.  Harmonic  generation 

Bulk  liquid  crystals  are  centrosymmetric.  Second  harmonic  genera¬ 
tion  is  allowed  only  if  a  dc  field  is  employed  to  break  the  centro- 


symmetry.  Phase  matching  can  be  achieved  by  proper  choice  of  the 
polarization  and  wave  vector  of  the  fundamental  beam  with  respect 
to  the  director  axis.  The  observed  nonlinearity  is  comparable  to  that 
observed  in  CS2.  Saha  and  Wong"  have  shown  that  the  process 
could  be  used  to  study  nematic  ordering.  They  pointed  out  that 
smectic  liquid  crystals,  because  of  their  relatively  lower  scattering 
loss  and  the  possibility  of  fabricating  large  crystals,  could  be  devel¬ 
oped  into  useful  harmonic  generators,  but  experimental  demonstra¬ 
tions  remain  to  be  seen. 

Third  harmonic  generation  has  been  observed  in  cholesteric  liq¬ 
uid  crystals.41  _44  In  this  case,  phase  matching  can  be  achieved  via  the 
Umklapp  process  with  the  help  of  the  helical  structure  in  cholesteric 
liquid  crystals,  as  demonstrated  by  Shelton  and  Shen.  Experimental 
results  agree  very  well  with  the  theory  based  on  the  continuous  model 
proposed  by  deV  ries.44 

3.2.  Degenerate  wave  mixing  and  phase  conjugation 

There  have  been  extensive  studies  of  degenerate  wave  mixing  in 
liquid  crystals.  The  process  involves  the  formation  of  a  refractive 
index  grating  in  the  medium  by  input  laser  beams,  followed  by 
diffraction  of  the  input  beams  by  the  grating.  As  is  well  known,  phase 
conjugation  is  just  a  special  case  of  degenerate  four-wave  mixing. 

Fekete  et  al.  have  successfully  employed  isotropic  liquid  crystals 
for  phase  conjugation.43  As  was  discussed  in  Sec.  2,  liquid  crystals  in 
the  nematic  phase  have  much  larger  optical-field-induced  refractive 
index  changes  than  in  the  isotropic  phase.  Degenerate  wave  mixing 
and  phase  conjugation  can  therefore  be  observed  even  with  low 
power  cw  laser  beams.1719 

Multiple-order  diffraction  shows  up  when  the  laser  intensities  are 
of  the  order  of  tens  of  W/cm2.  If  the  values  of  the  optical-field- 
induced  refractive  index  changes  are  known,  the  diffraction  pattern 
and  efficiency  in  the  thin-film  case  can  be  quantitatively  described  by 
a  simple  theory  of  induced  phase  modulation  on  the  incoming  beams. 

It  is  possible  to  use  beams  at  one  frequency  to  induce  a  refractive 
index  grating,  which  subsequently  diffracts  an  incoming  beam  at 
another  frequency.  This  has  been  demonstrated  with  Nd:YAG  and 
He-Ne  lasers  in  a  nematic  film.  The  process  could  find  practical 
applications  in  infrared-to-visible  image  conversions.44-47 

Phase  conjugation  (or  wavefront  reconstruction)  using  liquid 
crystals  often  suffers  from  speckle  noise  associated  with  a  coherent 
beam  [Fig.  4(a)].  This  can  be  eliminated48  if  the  input  beams  in  the 
process  are  made  partially  incoherent  by  passing  the  laser  beam 
through,  for  example,  a  rotating  ground  glass.  A  typical  conjugated 
beam  is  shown  in  Fig.  4(b).  The  absence  of  the  background  speckle 
noise  is  also  evident  from  the  photo  of  the  partially  incoherent  beam 
distorted  by  the  phase  aberratorfFig.  4(c)],  The  idea  here  is  to  impart 
sufficient  incoherence  to  the  background  noise  while  retaining  suffi¬ 
cient  coherence  for  wavefront  reconstruction. 

33.  Self-focusing  and  self-phase  modulation 

A  laser  beam  with  a  transverse  intensity  profile  should  induce  a 
spatially  varying  refractive  index,  which  could  lead  to  a  spatial 
self-phase  modulation  on  the  beam  and  possibly  to  self-focusing  of 
the  beam.  Similarly,  the  time  variation  of  a  pulsed  laser  beam  could 
also  lead  to  a  time-varying  phase  modulation  on  the  beam  itself. 

The  study  of  self-focusing  in  liquid  crystals  dates  back  to  the  early 
1970s,  when  the  self-focusing  phenomenon  itself  was  under  intensive 
investigation.  In  particular,  transient  self-focusing  was  difficult  to 
understand.  It  turns  out  that  the  induced  refractive  index  in  an 
isotropic  liquid  crystal  has  a  response  time  that  can  be  varied  by 
temperature  overa  wide  range(a  few  ns  to  I  /is)  because  of  the  critical 
slowing-down  behavior.  Consequently,  such  a  medium  is  ideal  for 
the  study  of  transient  self-focusing.  Typically,  the  experiment  uses  a 
laser  intensity  on  the  order  of  102  M  W/  cm2  and  a  beam  propagation 
length  of  about  10  cm  in  the  medium.  In  traversing  the  medium,  both 
the  laser  intensity  and  the  phase  undergo  severe  distortion. 

Self-focusing  also  occurs  in  nematic  liquid  crystal  films,  but  the 
situation  is  very  different.  The  typical  film  thickness  is  —100  pm; 
even  so,  because  of  the  extremely  large  nonlinearity  in  the  nematic 
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(•)  (b)  (c) 

Fig.  4.  (a)  Photograph  of  raconatructad  laaar  baam  with  coharant  lasara.  (b)  Photograph  of  raconatructad  spatially  incoharent  laaar.  (c)  Abarratad  spatially 
incoherent  laaar. 
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Fig.  6.  Plot  of  tha  output  on -axil  power  versus  the  input  laser  power. 
(After  Raf.  50.) 


phase,  a  laser  intensity  of  a  few  W/cm2  could  be  sufficient  to  intro¬ 
duce  a  large  enough  wavefront  distortion  on  the  beam  for  self-focus¬ 
ing  to  occur.  However,  since  the  film  is  very  thin,  focusing  actually 
appears  after  the  beam  passes  through  the  film. 

External  self-focusing  can  give  rise  to  a  large  intensification  at  the 
central  portion  of  the  beam.  Figure  5  is  a  plot  of  the  on-axis  power 
versus  the  input.  The  low-power  region  is  characterized  by  a  linear 
dependence,  while  at  higher  intensity  the  output  is  nonlinear  and  an 
intensification  of  at  least  a  factor  of  four  is  noted.  At  higher  input,  a 
dip  in  the  on-axis  power  should  appear.  These  results  have  been 
utilized  in  transverse  optical  bistability  switching  and  opto-optical 
modulation  experiments.49-51  The  above-mentioned  dip  in  the  on- 
axis  power  arises  because  of  interference  resulting  from  the  relatively 
large  spatial  phase  modulation  (~2rr)  on  the  beam.  With  increasing 
input  intensity,  the  spatial  phase  modulation  becomes  stronger  and 
stronger  and  the  interference  more  dramatic,  yielding  a  diffraction 
pattern  with  many  rings.  As  many  as  100  rings  can  be  observed  with 
an  input  intensity  of  a  few  hundred  W/cm2  in  an  ~200  /um 
nematic  film. 

The  spatial  self-phase  modulation  described  above  can  be  calcu¬ 
lated  if  the  induced  local  refraction  index  change  is  known.  In  a 
homeotropic  nematic  film,52  the  latter  can  be  obtained  from  the 
solution  of  the  Euler  equation  for  molecular  reorientation,  as  was 
mentioned  in  Sec.  2.  The  result  for  an  almost  normally  incident 
linearly  polarized  beam  with  a  Gaussian  profile  is  shown  in  Fig.  6.  It 
shows  how  the  reorientation  angle  6  of  the  director  varies  with  the 
distance  from  the  beam  axis.  The  width  of  0(r)  depends  on  the 
relative  magnitudes  of  the  incident  beam  waist  cuq  and  the  film 
thickness  d.  In  general,  because  of  the  long-range  elastic  torque,  the 
width  of  0(r)  is  always  larger  than  the  beam  width,  and  0(r)  is  not  a 
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Fig.  6.  Dotted  curve:  theoretical  plot  of  tha  transverse  dependence  of  tha 
reorientation  $  vereus  r.  Solid  curve:  a  Gauetian  function  for  comparison. 
The  width  of  0(r)  la  about  0.5,  whereaa  the  input  laaer  beam  ha  a  a  width 
of  0.14. 


Gaussian.  For  <v0  »d,  0(r)  approaches  the  Gaussian  intensity  pro¬ 
file  of  the  input  beam. 

3.4.  Optical  bistability 

Liquid  crystals  can  be  used  as  the  nonlinear  medium  in  a  Fabry- 
Perot  interferometer  for  optical  bistability  experiments.  As  men¬ 
tioned  earlier,  the  response  times  of  liquid  crystals  in  the  isotropic 
phase  can  be  varied  by  temperature  over  a  wide  range.  Therefore, 
liquid  crystals  are  ideal  materials  for  investigating  the  dynamic 
behavior  of  a  nonlinear  Fabry-Perot  interferometer.  Indeed,  such  a 
study,  carried  out  by  a  pulsed  laser,55  54  did  provide  us  with  a  basic 
understanding  of  the  interplay  between  the  cavity  round-trip  time, 
the  laser  pulse  length,  and  the  medium  response  time  in  the  bistable 
operating  characteristics  of  the  interferometer.  In  order  to  observe 
optical  bistability,  the  pulsed  laser  intensity  should  be  of  the  order  of 
MW/ cm2. 

Optical  bistability  can  also  be  observed  with  nematic  liquid  films. 
Because  of  the  large  nonlinearity,  a  cw  laser  beam  is  often  intense 

OPTICAL  ENGINEERING  /  July/ August  1 986  /  Vof.  24  No.  4/583 


m 


•Ssaffl 


KHOO, SHEN 


enough  for  the  observation.  Two  different  schemes18'21  have  been 
used  to  achieve  optical  bistability.  One  is  the  usual  nonlinear  Fabry- 
Perot  interferometer  with  an  intracavity  nematic  film;  the  other 
utilizes  self-focusing  with  an  external  feedback. 

in  the  nonlinear  Fabry-Perot  interferometer  of  Khoo  et  al., 1,-21  a 
SO  pm  homeotropic  sample  tilted  at  45°  in  a  4  cm  long  cavity  was 
used.  Bistability  was  observed  with  an  Ar+  laser  at  an  input  intensity 
of  about  600  W/cm2.  Formation  of  spatial  rings  and  oscillatory 
behavior  in  the  output  were  observed  at  high  input  intensity.  Cheung 
et  al."  took  a  much  shorter  cavity  formed  by  a  83  pm  film  sand¬ 
wiched  between  two  mirrors.  A  magnetic  field  was  used  to  move  the 
operation  point  above  the  Freederickscz  transition  in  the  film  (see 
Sec.  2)  in  order  to  increase  the  optical  nonlinearity.  As  a  result,  a 
much  smaller  laser  intensity  was  needed  for  bistable  switching 
(—10  W/cm2).  At  higher  input  intensities,  the  output  broke  up  into 
periodic  oscillations.  This  was  found  to  be  due  to  the  interplay 
between  the  laser-induced  reorientation,  which  contributes  to  a  posi¬ 
tive  phase  shift  with  a  slower  response  time,  and  laser  heating,  which 
contributes  toa  negative  phase  shift  with  a  faster  response  time.  The 
experiemental  results  were  shown  to  agree  well  with  the  theoretical 
calculation.  The  same  reason  probably  also  explains  the  oscillatory 
behavior  observed  by  Khoo  et  al. 

Study  of  optical  bistability  resulting  from  self-focusing  with 
external  feedback  is  a  relatively  recent  endeavor.  The  experimental 
situation  is  schematically  depicted  in  Fig.  7(a).  A  laser  beam  with  a 
certain  predescribed  wavefront  is  incident  on  the  nematic  film,  and 
the  transmitted  beam  is  partially  reflected  onto  the  film  by  a  mirror 
to  create  a  feedback  in  the  field-induced  refractive  index  in  the  film. 
The  variation  of  the  output  through  a  pinhole  behind  the  mirror  with 
the  input  laser  power  exhibits  optical  bistability. 

A  detailed  theory  for  such  a  cavityless  optical  bistability  proposed 
earlier  by  Kaplan44  has  been  worked  out.50-5'  Essentially,  with  a 
proper  arrangement  of  the  lens,  mirrors,  and  the  wavefront  of  the 
input  beam,  the  feedback  can  reinforce  the  self-phase  modulation 
effect,  leading  to  bistability.  Figures  7(b)  and  7(c)  show  some  exam¬ 
ples  of  the  observed  bistability  curves,  with  the  pinhole  at  the  on-axis 
and  the  off-axis  locations,  respectively. 


4.  CONCLUSION 

We  have  presented  a  brief  summary  of  the  basic  nonlinear  optical 
properties  of  liquid  crystals  and  some  observed  nonlinear  optica! 
processes  in  liquid  crystals.  The  unique  physical  and  optical  charac¬ 
teristics  of  liquid  crystals  open  up  some  exciting  areas  of  research 
that  are  of  fundamental  as  well  as  applied  interest.  There  are  a 
number  of  other  experiments  in  this  field  that  we  have  not  discussed 
here.  Recently,  Hsiung  et  al.33  have  used  nanosecond  laser  pulses  to 
study  the  dynamics  of  molecular  reorientation  as  well  as  the  laser- 
induced  thermal  effect  in  a  nematic  film.  Khoo  and  Normandin  have 
observed  the  generation  of  ultrahigh  frequency  acoustic  waves  and 
their  effects  on  the  laser-induced  thermal  gratings  by  nanosecond 
laser  pulses  in  nematic33  as  well  as  smectic  liquid  crystals.36  Optical 
switching  at  a  nonlinear  interface  formed  by  nematic  liquid  crystals 
and  glass37  38  and  nonlinear  optical  propagation  in  a  planar  wave¬ 
guide  cladded  by  liquid  crystals 34  have  also  been  observed.  Although 
there  are  physical  limitations  to  the  use  of  liquid  crystals  in  optical 
devices  (the  most  serious  of  which  is  the  response  time),  nonlinear 
optical  studies  in  liquid  crystals  have  continuously  provided  us  with 
some  new  insights  into  the  basic  understanding  of  optical  phenom¬ 
ena  in  a  nonlinear  medium  and  also  into  the  potential  applications  of 
such  materials. 
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Fig.  7.  (a)  Experimental  setup  for  observation  of  transverse  intensity  bi¬ 
stability.  (b)  Experimentally  observed  bistability  of  the  power  in  the  cen¬ 
tral  region  of  the  transmitted  beam,  (c)  Experimentally  observed 
bistability  of  the  power  in  the  off-axis  region  of  the  transmitted  beam. 
(After  Raf.  61.) 
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1  We  present  a  theoretical  evaluation  and  experimental  results  of  the  capability  of  a  nematic  liquid 

i  crystal  film  for  infrared  to  visible  image  conversion  using  nondegenerate  four-wave  mixing 

’  process. 

Degenerate  and  nondegenerate  four-wave  mixings  have 
|  been  studied  m  the  context  of  optical  imagings  in  several 

materials.12  In  particular,  Martin  and  Hellwarth1  have 
demonstrated  infrared  to  visible  image  conversion  via  Bragg 
reflections  from  laser  induced  thermal  gratings  in  dyed  li¬ 
quids.  The  basic  mechanism  is  the  absorption  of  the  incident 
( 1/? )  light  by  the  dye  molecules,  which  then  heat  up  the  sol- 
!  i  vent  via  some  intermolecular  relaxation  processes. 

Recently,  we  have  demonstrated  that  nematic  liquid 
crystals  possess  extraordinarily  large  optical  nonlinearity 
that  can  be  utilized  for  wave  front  conjugation  purposes.3 
There  are  two  distinct  types  of  nonlinearities:  thermal  and 
orientational.  Depending  on  the  thickness  of  the  sample  and 
the  interaction  geometry  between  the  laser  polarization  and 
i  the  liquid  crystal  axes,  one  or  both  of  these  noniinearities  will 

1  dominate  the  nonlinear  optical  process  under  study.4-*  The 

thermal  nonlineanty,  of  course,  depends  on  the  absorption 
constant  of  the  liquid  crystal,  which  can  be  enhanced  with 
traces  of  dissolved  dyes  with  the  appropriate  absorption 
band.  A  detailed  analysis  of  the  thermal  nonlinearity  of  ne¬ 
matics  has  been  performed.5 

For  incident  laser  polarization  parallel  to  the  nematic 
axis,  the  “extraordinary"  thermal  index  gradient  dnf  /dT  is 


given  by5 

—  =  2n-’f(1.33  +0.745)-^-  + 0.74— V  (1) 

dT  V  dT  dT) 

And  for  the  incident  laser  polarization  perpendicular  to  the 
nematic  director  axis,  the  “ordinary”  thermal  index  gradient 
dn1/dT  is 

-^-  =  2fl-'((l. 33  -  0.375) -^-0.37—)  (2) 

dT  V  dT  dT) 

for  PCB  (pentyl-cyano-biphenyl),  where  S  is  the  tempera¬ 
ture-dependent  order  parameter  and  p  is  the  density.  A 
unique  characteristic  of  nematic  liquid  crystals  is  the  rather 
large  magnitudes  of  both  dnlt  /dT  and  dnL  /dT.  At  tempera¬ 
tures  far  away  from  the  nematic  isotropic  transition  tem¬ 
perature  (e.g.,  at  22  "C  and  Tc  =  35  ’C  for  PCB),  both  dn/ 
dT' s  are  already  comparable  to  the  largest  thermal  index 
obtainable  in  liquids  (~10_4K_1).  At  temperatures  closer 
to  Tc,  both  dnx/dT  and  dnv  /dT  increase  dramatically  by 
more  than  an  order  of  magnitude.  This  means  that  thinner 
samples  and/or  lov,  power  lasers  can  be  used  for  optical 
wave  mixing  processes,  since  the  diffraction  efficiency  is  pro¬ 
portional  to  the  square  of  dn/dT,  among  other  factors.  In 
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NEMATIC  LIQUID 


FIG.  1 .  lal  Homeotropically  aligned  nematic  liquid  crystal.  Ibl  Planar  nema¬ 
tic  liquid  crystal.  K  and  E„r  are  the  wave  vector  and  electric  field  vector  of 
the  laser,  respectively  For  0  =  0,  is  parallel  to  n.  For  0  =  90",  E„r  is 
perpendicular  ton.  the  director  axis  of  the  nematic.  K,  and  K,  are  crossed  on 
the  sample  at  3'. 


particular,  because  of  the  thinner  sample  geometry,  one  ex¬ 
pects  to  get  higher  resolution  element  capability  in  infrared 
to  visible  image  conversion  process  as  we  will  explain  pres¬ 
ently. 

Another  unique  characteristic  of  liquid  crystals  is  the 
extraordinarily  large  optical  nonlinearity  associated  with 
molecular  reorientation.  Molecular  reorientation  of  nematic 
liquid  crystal  axis  is  of  course  wavelength  independent 
which  makes  it  the  most  versatile  and  natural  mechanism  for 
image  conversions  ( 1/5  to  visible, ...,  etc.).  Theoptical  nonlin¬ 
earity  associated  with  two  lasers  (pump-probe)  intersecting 
on  the  liquid  crystals  has  been  calculated  before.  The  in¬ 


duced  optical  refractive  index  change  is  given  by4 

8n — L  §1  =  ii/fl  Sin  2£  6,  (3) 

2  n  2neh 

where  9  is  the  optically  induced  molecular  reorientation. 
The  nonlinearity  can  be  induced  in  homeotropic  or  planar 
aligned  nematic  liquid  crystal  films  for  the  optical  field-ne¬ 
matic  interaction  geometries  depicted  in  Figs.  1(a)  and  1(b). 
In  general,  the  molecular  reorientational  nonlinearity  is 
larger  than  the  thermal  nonlinearity.  However,  it  is  obvious 
that  for/?  =  0,  the  reorientational  nonlinearity  is  vanishing. 

We  have  experimentally  demonstrated  the  possibility  of 
infrared  to  visible  image  conversions  in  pure  nematic  films 
and  also  in  nematic  films  “doped”  with  infrared  absorbing 
dyes.  The  liquid  crystal  used  is  PCB  (4-cyano-4'-pentyl-bi- 
phenyl)  and  is  about  50  /tm  thick.  Both  homeotropically 
aligned  and  planar  nematic  films  have  been  shown  to  give 
similar  results.  The  sample  temperature  is  22  “C.  Various 
four-wave  mixing  (wave  vectors)  configurations  have  been 
attempted.  Figure  2(a)  shows  one  of  the  setups  used,  with  all 
four  waves  propagating  in  the  forward  direction  [cf.  Fig. 
2(b)].  A  20-ns  Nd:YAG  laser  pulse  (A  at  1.06 //ml  is  split  into 
the  reference  beam  and  an  object  beam  (the  object  is  a  wire 
mesh).  These  two  beams  recombine  on  a  homeotropically 
aligned  nematic  film  at  an  angle  of  about  3'.  The  lasers  are 
linearly  polarized,  with  the  polarization  normal  to  the  direc¬ 
tor  axis.  For  this  geometry,  the  nonlinearity  comes  from 
dn1/t?r.  Traces  of  Kodak  No.  14015  infrared  absorbing 
dyes  were  dissolved  in  the  liquid  crystal  to  improve  the  ab¬ 
sorption  of  the  PCB  at  1 .06  /tm.  A  cw  5-mW  He-Ne  (0.6328 
fim)  laser  is  used  as  a  reconstruction  beam  and  is  almost 
collinear  with  the  reference  beam.  The  beam  spot  sizes  on  the 
liquid  crystal  film  are  on  the  order  of  0.5  cm2.  Visible  diffrac¬ 
tion  values  of  the  He-Ne  were  observed  for  reference  beam 


Beam  Stop 


FIG.  2.  (a)  Schematic  of  the  experi¬ 
mental  setup.  Photo  insert  is  a  sample 
experimental  result.  Ibl  Wave  vector 
configuration  of  the  reference  (K,|.  the 
object  (K,l,  the  reconstructing  IK,), 
and  the  image  beams  |K4I 
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and  object  beam  energies  on  the  order  of  50  and  15  mJ,  re¬ 
spectively.  The  observed  diffraction  efficiency  is  on  the  order 
of  a  few  percent.  The  diffracted  image  beam  is  imaged  via  the 
lens  system  onto  the  Polaroid  film  plate.  In  general,  very 
good  qualit>  image  -an  be  reconstructed.  The  photo  insert  in 
Fig.  2  shows  a  typical  reconstructed  image  of  the  mesh  at  the 
red  wavelength  (0.6328  ^m). 

The  diffraction  efficiency  of  the  50-^m-thick  film  is  very 
good,  and  is  on  the  order  of  a  few  percent  (as  measured  from 
the  diffraction  from  the  1 R  laser  pulses  with  a  joulemeter).  In 
Ref.  1,  it  was  reported  that  similar  diffraction  efficiency  was 
observed  in  a  2-mm-thick  dye  solutions,  using  pump  and 
probe  beam  energies  on  the  order  of  10  and  1  mJ,  respective¬ 
ly,  focused  on  an  area  of  about  0.01  cm2.  In  comparison  to 
these  liquids,  the  higher  efficiency  of  the  nematic  film  due  to 
its  inherently  higher  dn1  /dT  is  already  evident. 

The  thickness  of  the  nematic  film  ( =:  50  fim  )  means  that 
higher  resolution  elements  can  be  achieved.  For  the  geome¬ 
try  depicted  in  Fig.  2(b),  and  using  an  analysis  similar  to 
Martin  and  Hellwarth,  the  number  of  resolution  elements, 
N ,  can  be  proven  in  a  straightforward  manner  to  be  given  by 

AT-  (4, 

1  +  Kt/Ki 

in  the  small  6  limit  (i.e.,  d><  1).  This  differs  from  the  “folded” 
geometry  used  by  Martin  and  Hellwarth  by  the  denomina¬ 
tor,  where  it  is  replaced  by  [  1  —  Aj/AT3J.  Since  Ki  =  2K3,  the 
difference  between  A  here  and  A’in  Ref.  1  is  a  factor  of  1/2  to 
3/2,  i.e.,  N  here  is  smaller  than  A'in  Ref.  1  by  a  factor  of  3.  On 
the  other  hand,  the  thickness  /  in  the  present  case  (50  pm)  is 
much  smaller  than  (by  a  factor  of  40)  the  2-mm  cell  thick¬ 
ness.  Using  thinner  cell  for  higher  resolution  element  is,  of 
course  obvious,  but  the  important  point  here  is  that  one  can 
get  comparable  diffraction  efficiencies  even  with  such  thin 
films.  The  efficiency  obtained  here  is  by  no  means  optimized. 
We  have  observed  that  the  diffraction  efficiency  increased  by 
at  least  an  order  of  magnitude  by  raising  the  temperature  of 
the  sample  to  near  Tc  (30  °C). 

To  demonstrate  the  use  of  the  other  type  of  nonlinearity, 
namely,  orientational  nonlinearity,  we  use  a  pure  PCB  film 
(same  thickness  of  50 /rm).  The  sample  does  not  give  visible 
diffractions  even  at  much  higher  input  laser  energies  than 
the  ones  used  in  the  above  experiment  involving  dyed  sam¬ 
ples.  The  sample  is  tilted  such  that  0,  the  propagation  angle 
which  the  wave  vector  K,  (K2)  makes  with  the  nematic  axis, 
is  22'  (cf.  Fig.  1).  An  almost  cw  beam  of  Nd:YAG  pulses  is 
obtained  by  running  the  laser  at  20  pps.  This  continuous 
illumination  is  required  simply  because  the  orientational  re¬ 
sponse  of  the  nematic  is  slow  (on  the  order  of  milliseconds). 
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In  this  case,  we  also  observe  visible  diffraction  of  the  He-Ne 
beam  and  images  of  comparable  quality.  To  check  that  in¬ 
deed  the  mechanism  is  due  to  orientational  effect,  the  film  is 
tilted  back  to  the  normal  position  <i.e.,  /?  =  01  and  the  diffrac¬ 
tion  vanishes  [in  accordance  to  Eq.  (3)].  Due  to  pulse  to  pulse 
instabilities,  the  effects  for  cw  laser  are  not  as  large  and  the 
quality  of  the  image  is  not  as  good  as  expected.  It  is  clear  that 
better  results  can  be  obtained  if  one  uses  a  cw  laser  or  milli¬ 
second  I R  laser  pulses. 

The  temporal  behaviors  of  the  thermal  and  orienta¬ 
tional  gratings  are  quite  different.  Using  an  almost  identical 
setup  as  Fig.  2(a)  (with  the  object  removedl,  we  have  mea¬ 
sured  the  rise  time  of  the  thermal  grating  by  detecting  the 
diffraction  from  the  He-Ne  laser.  In  general,  the  rise  time  is 
on  the  order  of  the  Nd:  YAG  pulse  width  I  cc  20  ns),  while  the 
decay  time  is  on  the  order  of  50-100  ps,  depending  on  var¬ 
ious  parameters  but  mostly  on  the  grating  spacing.  On  the 
other  hand,  the  rise  time  associated  with  molecular  reorien¬ 
tation  is  much  slower.  Under  cw  excitation,  the  rise  time  is 
on  the  order  of  102  ms,  and  becomes  shorter  at  higher  inci¬ 
dent  laser  intensity  (very  similar  to  liquid  crystal  reorienta¬ 
tion  by  dc  field).7  The  decay  time  is  also  on  the  order  of  102 
ms,  and  depends  primarily  on  the  grating  constant  and/or 
film  thickness. 

In  conclusion,  we  have  demonstrated  the  possibility  of 
infrared  to  visible  image  conversion.  Without  optimization, 
the  results  are  comparable  to  those  achievable  in  much 
thicker  high  thermal  index  liquids.  We  are  currently  investi¬ 
gating  the  details  of  this  process  with  respect  to  various  pa¬ 
rameters,  e.g.,  laser  pulse  length,  absorption  constants,  ge¬ 
ometry,  etc.,  and  will  report  the  result  in  a  longer  article 
elsewhere. 
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Abstract.  We  present  an  account  of  two  recently  observed  nonlinear  optical 
imaging  processes,  wavefront  conjugation  and  infrared-to-visible  image  con¬ 
version,  in  liquid  crystal  films.  We  include  discussion  of  dynamics,  efficiency, 
resolution,  aberration  correction,  and  noise  removal  in  these  two  processes. 


CONTENTS 

1.  Introduction 

2.  Wavefront  conjugation 

3.  Infrared-to-visible  image  conversion 

4.  Conclusion 

5.  Acknowledgments 

6.  References 

1.  INTRODUCTION 

The  theory  and  practice  of  liquid  crystal  director  axis  reorien¬ 
tations,  and  the  associated  electro-optical  birefringence,  by  a 
dc  or  low  frequency  ac  field  have  been  established  for  many 
years.  Various  optical  imaging,  image  processing,  modula¬ 
tion,  switching,  and  display  devices  are  based  on  these  rather 
simple  physical  effects.  When  integrated  with  other  thin-film 
materials  (semiconductors,  photoconductors,  metallic  films, 
etc.),  liquid  crystals  become  one  of  the  most  versatile  optical 
materials  that  find  application  in  an  ever-increasing  array  of 
optical  information  processing  systems.1 

Recently,  the  feasibility  of  employing  moderate  power 
lasers  to  induce  molecular  reorientation  in  liquid  crystals  has 
been  demonstrated.2  All  three  mesophases  (nematics,  smec¬ 
tics,  and  cholesterics)  exhibit  extraordinarily  large  optical 
nonlinearity  associated  with  the  director  axis  reorientation. 
To  date,  however,  the  most  conclusive  theories  and  experi¬ 
ments  have  been  performed  in  nematics,  which  are  also  the 
most  used  materials  for  liquid  crystal  optical  devices.3  There 
are  two  basic  types  of  optical  nonlinearities  in  nematics:  (1) 
optically  induced  refractive  index  change  associated  with 
director  axis  reorientation  and  (2)  thermal  indexing  effect. 
These  nonlinearities  have  been  studied  in  the  context  of  self- 
focusing,4  degenerate  four-wave  mixing,5  self-phase  modula¬ 
tions,4  bistability,7  and  optical  switching8  and  have  been 
reviewed  in  a  recent  article  by  Khoo  and  Shen.2 

In  this  paper,  we  concentrate  on  two  recently  observed 
nonlinear  optical  processes  that  bear  on  optical  imaging 
applications,  namely,  wavefront  conjugation  and  IR-to- 
visible  image  conversion.  We  discuss  details  that  are  not 
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included  in  preliminary  reports.  Specifically,  we  address  the 
conditions  necessary  for  observing  the  effects,  the  diffraction 
efficiencies,  rise  and  fall  times,  and  other  pertinent  imaging 
characteristics. 

2.  WAVEFRONT  CONJUGATION 

The  theory  of  wavefront  conjugation,  an  example  of  degener¬ 
ate  four-wave  mixing  processes,  has  been  established  for 
many  years.9  An  experimental  setup  for  wavefront  conjuga¬ 
tion  is  shown  schematically  in  Fig.  1(a).  The  object  beam  and 
the  reference  beam  interfere  to  induce  an  index  grating  (a 
transient  hologram)  on  the  liquid  crystal  film  by  means  of 
either  the  orientational  or  the  thermal  nonlinearity.  The 
reconstructing  beam  is  retroreflected  from  the  reference 
beam,  and  the  image-bearing  generated  fourth  wave  traverses 
back  along  the  object  beam  path.  There  are  several  significant 
advantages  of  this  type  of  real-time  imaging  process,  a  few  of 
which  are  high  resolution,  reflections  with  gain  and  aberra¬ 
tion  correction  capability. 

In  an  earlier  wavefront  conjugation  experiment,10  we 
showed  that  because  of  the  extremely  large  optical  nonlinear¬ 
ity  of  liquid  crystals,  cw  lasers  of  a  few  W /  cm2  intensity  suffice 
for  visible  phase  conjugation  results.  We  have  also  demon¬ 
strated  phase-aberrated  corrections.  More  recently,  we  have 
succeeded  in  using  a  spatially  partially  coherent  cw  laser  to 
remove  the  coherent  noise  that  inevitably  accompanies  the  use 
of  lasers  for  imaging.  In  nematic  film,  the  problem  is  particu¬ 
larly  severe  owing  to  extremely  high  scatterings  from  director 
axis  fluctuations.  Figure  1(b)  is  an  example  of  an  extremely 
degraded  (by  the  coherent  artifacts)  reconstructed  image 
beam  in  a  wavefront  conjugation  experiment  using  a  coherent 
laser.  The  photograph  is  taken  at  a  temperature  near  Tc,  the 
transition  temperature.  At  temperatures  far  from  Tc,  the  noise 
is  less  overwhelming  but  still  very  severe  and  is  compounded 
by  the  ever-present  noise  from  random  scatterings  in  the 
optical  system. 

Two  methods  of  removing  the  coherent  noise  in  phase 
conjugation  have  been  demonstrated  to  be  quite  successful.  In 
the  method  employed  by  Huignard  et  al.,"  a  diffuser  plate  is 
placed  in  the  path  of  the  object  beam  (pulsed  laser),  and 
multiple  exposures  are  taken  for  various  settings  of  the  dif¬ 
fuser  plate.  In  our  collaborative  study  with  Leith  et  al.,12  the 
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Fig.  2.  Schematics  of  laser  propagation  in  la)  a  homeotropic  nematic 
liquid  crystal  film  and  (b)  a  planar  nematic  film.  7,  and  ?2  are  the 
propagation  wave  vectors;  ?op  is  the  optical  field  vector.  The  two 
laser  beams  lie  in  a  plane  perpendicular  to  the  paper  and  intersect  at  a 
wave-mixing  angle  on  the  film. 


Fig.  1.  Wavefront  conjugation,  (a)  Experimental  setup.  BS:  beam 
splitter.  M:  mirror.  R:  total  reflector.  S:  sample.  E2:  reference  beam. 
E, :  object  beam.  E3;  reconstruction  beam.  A:  aberrator.  C:  image,  (b) 
Image  beam  reconstructed  with  coherent  laser,  (c)  Image  beam 
reconstructed  with  spatially  incoherent  laser,  (d)  Aberrated  beam. 

cw  laser  was  first  rendered  spatially  partially  incoherent  by 
collimation  through  a  rotating  ground  glass.  Because  the  rise 
time  of  the  conjugation  process  with  cw  laser  illumination  is 
slow,  the  incident  laser  beam  is  practically  averaged  over 
many  settings  of  the  rotating  ground  glass,  so  that  a  single 
exposure  recording  of  the  image  beam  will  suffice.  As  shown 
in  Fig.  1(c)  of  the  reconstructed  beam  and  Fig.  1(d)  of  the 
aberrated  beam,  the  technique  both  preserves  the  aberration 
correction  capability  and  removes  coherent  noise. 

Recently  we  demonstrated13  that  wavefront  conjugation 
with  a  nanosecond  pulsed  laser  is  feasible  using  the  thermal 
nonlinearity.  NearTc,  four-wave  mixing  with  moderate  laser 
energy  (<1  mj)  is  possible,  with  microsecond  response  (rise 
and  fall).  We  are  currently  investigating  various  means  of 
achieving  coherent-noise  free  wavefront  conjugation  imaging. 

The  diffraction  efficiency  for  wavefront  conjugation  and 
the  related  infrared-to-visi‘-  image  conversion  at  the  phase- 
matched  Bragg's  condition  epend  principally  on  the  magni¬ 
tude  of  the  induced  index  grating  on  (K,  —  K2)  between  the 
reference  beam  (at  K,)  and  the  object  beam  (at  K2).  In  the 
absence  of  loss,  the  maximum  diffraction  efficiency  Rmax  is 
given  roughly  by  Rmax  =  (K2./ 4yy2)( Arj)2d2,  where  d  is  the 
thickness  of  the  film  (or  interaction  length,  whichever  is 
shorter),  K  is  the  magnitude  of  K,  and  K2,  and  77  is  the  average 
refractive  index.  The  magnitude  of  Ar?  depends  on  which 
nonlinearity  is  responsible  for  the  wave  mixing  process. 


For  orientational  nonlinearity,  Ar?(  K,  —  K2)  has  been  cal¬ 
culated'4  for  the  homeotropic  and  planar  nematic  films,  as 
depicted  in  Fig.  2.  A  unique  characteristic  of  nematic  non¬ 
linearity  is  that  it  is  a  collective  phenomenon;  it  is  extremely 
dependent  on  the  boundary  forces  or  torques.  The  optical 
torques  at  the  interference  intensity  maxima  must  overcome 
not  only  the  elastic  restoring  torque  from  the  boundary  plates, 
where  molecules  are  rigidly  anchored,  but  also  torques  from 
molecules  situated  at  the  intensity  minima.14  The  torque  is 
inversely  proportional  to  the  characteristic  length;  in  this  case, 
the  two  characteristic  lengths  are  the  film  thickness  d  and  the 
grating  constant  A(K,  —  K2).  The  smaller  these  lengths,  the 
higher  is  the  optical  intensity  needed  to  induce  the  same 
amount  of  At?.  and  therefore  the  lower  is  the  diffraction 
efficiency.  This  has  been  verified  in  our  experiments  reported 
in  Ref,  14,  where  details  of  the  experimental  results  are  also 
given. 

The  magnitude  of  A r?  due  to  laser  heating  depends  to  a 
large  extent  on  the  temporal  characteristics  of  the  laser.  If  cw 
lasers  are  used,  then  the  thermal  diffusion  process  during  the 
grating  buildup  has  to  be  accounted  for.  This  is  quite  compli¬ 
cated  and  has  hitherto  not  been  addressed.  On  the  other  hand, 
if  pulsed  lasers  (with  pulse  lengths  shorter  than  the  smallest 
diffusion  time  constant)  are  used,  the  analysis  is  simpler.  In 
this  case,  At?  depends  simply  on  the  heat  capacity  of  the 
nematics,  on  the  absorption  constant  of  the  nematics  at  the 
laser  wavelength  used,  and  to  a  great  extent  on  the  tempera¬ 
ture  (whether  close  to  or  far  from  Tc).  Details  of  these  for  the 
nematic  PCB  (4-cyano-4-pentylbiphenyl)  for  pulsed  lasers  at 
5145  A  have  been  presented.15  Typical  values  are  At?  —  10  4 
for  laser  energies  of  approximately  20  mJ/mra2  at  Tc  —  T  = 
14° .  Near  Tc,  however,  laser  fluence  on  the  order  of  I  mJ  will 
generate  the  same  diffraction  efficiency. 
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Fig.  3.  Infrared-to-vieible  image  convereiort.  (a)  Experimental  setup, 
(b)  Phase  matching  of  the  four  interacting  waves.  Dotted  lines  show 
the  configuration  used  in  Ref.  18.  l?i:  reference  beam.  j?2:  object 
beam.  T?3:  reconstruction  beam.  lt4:  image  beam. 


The  rise  and  fall  times  of  these  nonlinear  processes  depend 
on  several  factors.  In  the  orientational  process,  the  rise  time 
ron  and  fall  time  roff  are  given  by  expressions  similar  to  those 
involving  dc  fields,  with  the  optical  field  Eop  replacing  the  dc 
field  Edc,  and  with  the  appropriate  values  for  the  dielectric 
anisotropies.2  16  Because  the  optical  field  can  make  an  arbi¬ 
trary  angle  with  the  director  axis,  depending  on  the  laser 
propagation  direction,  the  rise  time  is  also  dependent  on  the 
configuration.  In  general,  the  smaller  the  grating  constant  (or 
thickness  of  the  film,  whichever  is  smaller),  the  faster  is  the 
response.  ron  and  roff  are  proportional  to  X2  (or  d2),  greater 
than  the  viscosity,  and  inversely  proportional  to  the  elastic 
constant,  as  we  will  presently  see. 

More  specifically,  consider  the  four-wave  mixing  geometry 
depicted  in  Fig.  2(a)  or  2(b).  Because  the  film  is  thin  (50  *im  or 
so)  and  the  beam  sizes  in  all  the  wave  mixing  experiments  are 
much  larger  (on  the  order  of  millimeters),  the  two  beams  can 
be  assumed  to  be  plane  waves.  Their  interference,  therefore, 
sets  up  a  grating  in  the  y  direction,  with  grating  wave  vector 
K,  —  K2  and  a  grating  constant  X  (X  =  2tt/|  K,  —  K2 ! )•  The 
reorientational  angle  6  thus  possesses  spatial  variation  in  both 
the  i  and  y  directions  (see  Ref.  14).  Using  a  simplifying  one- 
elastic  constant  approximation,  the  dynamics  of  the  process 
may  be  described  by1’ 


dfl  / 

■IT-M 


d2e  d2e 
dy2  +  d?2  / 


(cos2 13)8  + 


sin(2/J) 


If  the  optical  field  term  is  smaller  than  the  elastic  term,  then 
since  0(y)  =  sin[(2 rr/  X)y]and  0( z)  —  sin[(  zr  d)z],  and  follow¬ 
ing  the  usual  analysis.16  one  gets  a  response  time  (rise  or  fall) 


On  the  other  hand,  if  the  optical  term  is  much  larger  than  the 
elastic  term 


At  E2pcos(2/3) 

One  interesting  possibility  is  that  the  rise  time  can  be 
decreased  with  the  use  of  high  intensity  lasers.  Nanosecond 
laser-induced  molecular  reorientation  has  been  demonstrated 
by  Hsiung  et  al.13  The  decay  time,  however,  is  at  best  on  the 
order  of  a  few  ms  for  d  or  X  on  the  order  of  a  few  /im.  In  the 
case  of  thermal  grating,  the  rise  time  is  on  the  order  of  the  laser 
pulse  length.  The  fall  time  depends  on  the  heat  diffusion 
process,  the  sample  thickness,  the  grating  constant,  and  the 
diffusion  constant.1 7  Decay  times  on  the  order  of  50  to  100  ^ s 
were  observed  in  our  experiment  involving  X  on  the  order  of 
20  ,um. 

3.  INFRARED-TO-VISIBLE  IMAGE  CONVERSION 

Using  a  thin-film  geometry,  or  the  phase-matched  Bragg 
scattering  configuration,  it  is  possible  to  create  a  holographic 
phase  grating  with  reference  and  object  beam  at  one  wave¬ 
length  and  reconstruction  and  image  beam  at  another  wave¬ 
length.  An  example  of  this  special  case  of  four-wave  mixing  is 
the  so-called  infrared-to-visible  image  conversion,  where  the 
object  and  reference  beams  are  in  the  infrared,  and  the  recon¬ 
struction  and  the  image  beams  are  in  the  visible  [Fig.  3(a)], 
There  is  obvious  practical  usefulness  of  such  an  image  conver¬ 
sion  process.  As  detailed  by  Martin  and  Hellwarth,1*  this 
four-wave  mixing  process  can  also  yield  high  image  resolution 
capability.  Typically,  the  number  of  resolution  elements  is  on 
the  order  of  104  or  better. 

The  resolution  of  the  imaging  process  obviously  depends 
on  the  relative  configurations  between  the  various  interacting 
beams.  The  geometry  employed  by  Martin  and  Hellwarth  is  of 
the  “folded"  or  “wavefront  conjugation-like”  type  [see  Fig. 
3(b)],  whereas  the  geometry  we  used  is  the  "forward"  wave¬ 
mixing  type.  In  both  cases,  the  angle  i h  is  the  Bragg  scattering 
angle.  In  our  configuration  the  amount  of  variation  in  d>  (the 
angle  between  K.,  and  K;)  that  would  still  allow  for  phase 
matching  (i.e.,  AKf  <  zr)  is  given  by  2n-d><5d>  —  4rr;[Kl  d  !  I  + 
(K,  K3)|  ]-1.  The  diffraction  solid  angle  of  the  object  beam, 
which  subtends  on  area  A  on  the  sample,  is  given  by  <t> D  = 
4rr2/  K2  A.  This  gives  the  number  of  resolution  elements  N  — 
8<t>:  d>p  as 


(|I+(K!.K,)| 

This  differs  from  N  for  Fig.  3(b)  (dotted  line)  by  the  denomi¬ 
nator.18  Since  K,  and  K,  are  quite  different  for  infrared-to- 
visible  conversion,  this  difference  in  the  denominator  amounts 
to  a  factor  of  unity  in  N.  For  very  nonlinear  material  (e  g., 
liquid  crystals),  the  use  of  a  thin  film  (small  d)  will  increase  the 
resolution  capability  considerably  more  than  this  unity  factor 
between  the  two  types  of  geometry. 

Two  unique  characteristics  of  nematics  make  them  far 
superior  to  the  materials  (mostly  organic  liquids  doped  with 
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IR-absorbing  dyes)  employed  by  Martin  and  Hellwarth.  One 
is  the  unusually  large  drj/dT  of  nematics,  especially  near  Tc, 
where  both  the  ordinary  and  extraordinary  drj/  dT's  are  about 
two  orders  of  magnitude  larger  than  for  most  liquids  of  high 
thermal  index.  The  other,  more  important  characteristic  is  the 
unusually  large  reorientational  nonlinearity,  which  is  non* 
wavelength-selective;  that  is,  any  infrared  lasers  can  be  used. 
The  basic  mechanism  for  infrared-to-visible  image  conversion 
is  the  formation  of  the  grating  by  the  1R  beams.  Therefore,  the 
dynamics  and  magnitude  of  the  grating  formed  are  the  same 
as  discussed  in  the  preceding  section. 

Using  the  experimental  setup  of  Fig.  3(a),  we  have  demon¬ 
strated  the  feasibility  of  employing  either  kind  of  nonlinearity 
for  infrared-to-visible  image  conversion.  The  infrared  laser 
used  is  from  a  Nd:YAG,  in  single-pulsed  (thermal)  or  high 
repetition  rate  pulsed  (for  quasi  cw  reorientation  process) 
modes.  The  photograph  inset  in  the  figure  is  a  typical  visible 
reconstructed  image  of  the  wire  mesh  (infrared  illuminated 
object).  In  general,  a  very  good  quality  image  can  be  recon¬ 
structed,  with  a  diffraction  efficiency  on  the  order  of  a  few 
percent.  We  found  that  traces  of  IR-absorbing  dyes  (Kodak 
#14015)  dissolved  in  the  liquid  crystal  help  reduce  the  required 
laser  energies  (to  approximately  1  mJ/ cm2)  for  visible  diffrac¬ 
tion.  This  is  because  pure  PCB,  like  most  other  liquid  crystals, 
does  not  absorb  appreciably  at  1 .06  ptm.  For  optimal  thermal 
effect,  therfore,  “doping”  with  dyes  with  appropriate  spectral 
absorption  characteristics  is  needed.  We  are  currently 
employing  other  infrared  light  sources  to  ascertain  the  general 
characteristics,  and  also  some  sper  c  details,  concerning 
image  conversion  in  nematic  and  other  mesophases  of  liquid 
crystals. 

4,  CONCLUSION 

We  have  briefly  discussed  two  four-wave-mixing-based  imag¬ 
ing  applications  of  nematic  liquid  crystal  films.  The  underly¬ 
ing  thermal  and  reorientational  nonlinearities  are  uniquely 
large  and  versatile.  It  is  obvious  that  other  nonlinear  optical 
processes,  such  as  opto-optical  modulations,  optical  switch¬ 
ings,  and  many  real-time  image  processings,  can  also  be 
realized  using  nematic  films.  We  anticipate  reporting  the 


results  of  these  studies  in  the  near  future. 
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We  have  observed  for  the  first  time  wave  front  conjugation  with  amplified  reflection  return  using 
the  thermal  nonlinearity  of  a  thin  film  of  nematic  liquid  crystal  in  conjunction  with  a  low  power 
laser  (intensity  on  the  order  of  25  W/cnr  I.  Self-oscillation  is  also  observed. 


Wave  front  conjugation,  and  the  associated  phenomena 
of  imaging  through  aberration,  amplified  reflections,  and 
other  useful  adaptive  optical  processes  have  been  vigorously 
studied  in  the  last  few  years. '  Materials  for  wave  front  conju¬ 
gation  include  sodium  vapor,  semiconductor  crystals,  bari¬ 
um  titanate,  electro-optic  crystals  I  BSOl,  various  liquids,  liq¬ 
uid  crystals,  and  others.  The  basic  mechanism  for 
nonlinearity  ranges  widely.  In  some  materials  the  nonlinear¬ 
ity  is  sufficiently  large  for  amplified  reflection  of  the  probe 
beam,  leading  to  self-oscillations."’  Such  an  effect  has  impor¬ 
tant  applications  in  image  amplification,  laser  designs,  and 
other  adaptive  optics  processes. 

In  nematic  liquid  crystal,  there  are  two  basic  mecha¬ 
nisms  for  optical  nonlinearities’"'  that  have  been  used  for 
degenerate  four-wave  mixing  processes:  optically  induced 
refractive  index  change  associated  with  the  director  axis 
reorientation,  and  laser  induced  thermal  index  effect.  The 
fundamental  mechanisms  for  these  processes  have  been 
quantitatively  documented.  Application  of  these  nonlineari- 
ties  for  wave  front  conjugation,''  where  the  aberration  cor¬ 
rection  and  speckle  noise  reduction  (with  spatially  partially 
incoherent  lasersl  have  also  been  demonstrated.  In  this  letter 
we  report  the  first  successful  demonstration  of  wave  front 
conjugation  with  gain  and  self-oscillation,  using  the  thermal 
nonlinearity  in  a  nematic  film  in  conjunction  with  low  power 
cw  lehoppedi  lasers. 

Consider  two  linearly  polarized  lasers  propagating 
through  a  homeotropically  aligned  nematic  liquid  crystal  as 
shown  in  Fig.  1(a).  The  two  beams  are  crossed  at  a  small 
wave  mixing  angle  8  in  a  plane  perpendicular  to  the  paper. 
For  this  geometry  the  refractive  index  as  seen  by  the  optical 
wave  is  given  by 

n.n 

nt  -  — - - - - - - - -  ;  ( 1 1 

In'  cos  "  0  +  n\  sin  -  0 1  ■ 

for/3  =  0 ,  n,,  =n,  On  theother  hand,  if/3  =  90°,  e  g.,  using 
a  planar-aligned  nematic  as  shown  in  Fig.  1  (b),  n.  =  n  . 
Bothn,  and  n  are  strongly  dependent  on  the  temperature. 
At  temperature  removed  from  the  nematic- -isotropic  tran¬ 
sition  temperature  J\  ,  the  magnitudes  of  dn  /dT  (positivei 
and  dn  /dT  (negativel  are  already  as  large  as  most  high  in¬ 
dex  liquids  (~2xl0  4k  *|.  As  the  temperature  ap¬ 
proaches  7j ,  both  increase  by  more  than  an  order  of  magni¬ 
tude.  As  a  consequence  of  this  large  nonlinearity,  visible 
diffractions  (with  efficiency  on  the  order  of  one  percent  or 
morel  can  be  obtained  by  mixing  two  milliwatt  cw  lasers,' 
using  the  natural  absorption  of  some  nematic  [e  g.,  methoxy 


benzylidine  p-ti-butvlaniline  |MBBA|]  at  the  laser  wave¬ 
length  (5145  A). 

Another  important  characteristic  of  thermal  grating 
formation  in  nematic  is  the  relatively  faster  response.  If  the 
two  incident  lasers  are  chopped,  there  are  two  distinct  com¬ 
ponents  in  the  diffraction.  iSee  Khoo  and  Shepard  in  Ref.  5.) 
One  component  rises  instantaneously  with  the  laser  corre¬ 
sponding  to  a  local  heating  at  the  interference  intensity 
maxima  at  the  sample.  The  other  component,  which  is  much 
slower,  corresponds  to  an  overall  heating  of  the  sample  due 
to  thermal  diffusion  from  the  grating  maxima  to  the  minima; 
the  overall  heating  raises  the  temperature  of  the  sample,  and 
therefore  increases  the  change  in  the  refractive  index.  This 
overall  heating  of  the  sample  is  quite  detrimental  to  the  grat¬ 
ing  diffraction  process  if  it  raises  the  temperature  of  the  sam¬ 
ple  over  T, .  when  the  grating  diffractions  practically  vanish. 
In  our  study,  the  duty  cycles  and  duration  of  chopped  cw 
lasers  are  adjusted  such  that  the  diffraction  is  maximized 
while  minimizing  the  overall  heating,  as  discussed  in  Ref.  5. 

The  process  of  laser  induced  thermal  index  change  and 
the  diffusion  process  (cither  in  the  liquid-crystal  medium  or 
through  the  cell  walls!  is  a  complicated  three-dimensional 
problem.  In  ordinary  liquids  or  in  crystals,  the  fundamental 
parameters  arc  the  temperature  T and  the  density  p.  In  liquid 
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FIG  I  Schematics  oflaser  interaction  in  <ai  a  homeotropicallv  aligned  and 
(bl  a  p'anar  aligned  nematic  liquid-crystal  film  K,  iprobe  heami  K  (pump 
beam |  are  the  propagation  wave  vectors  E,  and  E  are  the  optical  field  vec¬ 
tors.  The  two  laser  beams  intersect  in  a  plane  perpendicular  to  the  paper 
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crystal,  one  has  also  to  include  the  order  parameters.  If  the 
chopped  laser  pulse  durations  are  on  the  order  of  millisec¬ 
onds,  one  would  expect  the  density  fluctuations  in  the  sam¬ 
ple  to  equilibrate,  and  we  are  thus  left  with  S  and  T.  The 
interplay  between  S  and  T ,  and  the  refractive  indices  n  and 
nL  have  been  dealt  with  in  a  recent  article.  (See  Khoo  and 
Normandin  in  Ref.  5.)  For  our  purpose  here  one  may  sim¬ 
plify  the  consideration  by  adopting  T as  the  working  param¬ 
eter.  described  by  the  usual  thermal  diffusion  equation 


dT  m,T  nca 

pc - k\  T  = - 

H  dt  4ir 


F 1 
C  op 


(2) 


where  p  is  the  density  of  the  nematic,  c,.  the  specific  heat,  k 
the  diffusion  constant,  n  the  refractive  index,  a  the  absorp¬ 
tion  constant,  and  £llp  is  the  amplitude  of  the  optical  electric 
field.  Both  p  and  ct.  are  strongly  temperature  dependent, 
especially  near  Tc .  However,  their  influence  on  the  refractive 
index  may  be  viewed  as  secondary;  the  primary  effect  comes 
from  the  change  in  T. 

The  total  optical  electric  field  £op  incident  on  the  sam¬ 
ple  is  made  up,  of  course,  of  the  contribution  from  the  probe 
(£,)  and  the  pump  beam  (£,).  Their  interference  gives  rise  to 
an  oscillating  term  £,  £,  cos  qy,  where  q  is  the  grating  wave 
vector  \q  =  2ir/A , ;  =  Aop/2  sin  [8  /2),8 :  wave  mixing 

angle  in  the  nematic),  andy  is  the  coordinate  perpendicular 
to  K,  —  K2.  If  the  incident  lasers  are  pulsed,  with  pulse 
lengths  shorter  than  all  the  thermal  diffusion  time  constants 
(characteristics  of  diffusion  time  between  the  intensity  maxi¬ 
ma  and  the  minima,  and  between  the  center  plane  of  the 
liquid-crystal  cell  and  the  cell  walls  etc.),  then  the  change  in 
temperature  AT  [from  Eq.  (1)]  is  simply  given  by 


A  T=~U\y),  |3| 

pCv 

where  U  is  the  energy  of  the  laser  pulse.  On  the  other  hand,  if 
the  laser  pulses  are  longer  than  the  diffusion  time  (which  is 
true  for  our  experiment  using  chopped  cw  lasers;  laser 
pulses— 100  ms,  diffusion  time  constant ^5  ms),  then  the 
spatial  redistribution  of  the  absorbed  energy  and  the  rise  in 
temperature  is  obviously  a  complicated  three-dimensional 
problem,  a  complete  solution  of  which  is  clearly  outside  the 
scope  of  this  letter.  Nevertheless,  in  the  steady  state  \dT / 
dt  =  0|  involving  chopped  cw  lasers,  one  may  note  that  the 
spatial  derivative  (V2  =  dl/dy 2  +  V2)  imply  that  the  tem¬ 
perature  rise  A  T will  be  inversely  proportional  to  the  grating 
constant  (and  cell  thickness!.  This  point  is  particularly  ob¬ 
vious  if  we  perform  a  simple  one-dimensional  calculation, 
and  is  expected  from  physical  grounds.  This  dependence  was 
qualitatively  verified  in  our  experiment.  The  diffraction  effi¬ 
ciency  increases  with  increasing  grating  constant. 

The  experimental  setup  used  for  the  observation  of  am¬ 
plified  reflection  and  oscillation  is  depicted  in  Fig.  2.  The 
laser  used  is  the  5 145- A  line  from  an  Ar  '  laser.  The  path 
lengths  of  the  beam  are  adjusted  to  be  very  nearly  equal  to 
optimize  the  interference  modulation.  The  two  laser  beams 
are  crossed  at  a  very  small  angle  0  on  the  sample  \0  ranges 
from  1/250  to  1/350  rad).  The  size  of  the  laser  beam  on  the 
sample  is  about  2  mm.  The  sample  used  is  a  homeotropically 
aligned  MBBA  film  with  a  thickness  of  100 /am.  The  lasers 
are  almost  normally  \J3  =  0)  incident  on  the  film,  i.e.,  the 
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FIG  2.  Schematics  of  the  experimental  setup  for  observing  wave  front  con¬ 
jugation  and  self-oscillation.  The  incident  laser  is  chopped  Yt  mirrors  S 
sample;  R:  l( reflector;  BS:  beam  splitter  A  aberrator  VBS  variable 
beam  splitter:  ,V/sii  fin  dotted  line)  is  a  ddr£  reflecting  mirror  to  he  inserted 
for  self-oscillation  effect. 


optical  electric  field  is  perpendicular  to  the  director  axis.  The 
incident  probe  laser  power  is  adjusted  with  the  v  ariable  beam 
splitter.  The  mirror  A/v,  (in  dotted  line)  when  used  for  self¬ 
oscillation  experiments,  is  aligned  to  exactly  reflect  the 
probe  beam  £,.  The  incident  laser  beam  is  chopped  a’  a  rule 
of  about  4  Hz.  At  this  rate  there  is  an  overall  heating  of  the 
sample.  However,  this  overall  heating  effect  is  just  sufficient 
to  warm  the  sample  (from  room  temperature  2 1  Cl  to  near 
T  (7\  of  MBBA  is  42  ”C)  when  very  large  wave-front  conju¬ 
gation  efficiency  is  obtained. 

Very  strong  conjugated  signals  are  observed  for  a  wide- 
range  of  probe  beam  powers  used-  At  equal  pump  and  probe 
power,  a  reflection  efficiency  of  about  1  °fc  is  observed  for  the 
sample  maintained  at  room  temperature  I  by  using  very  low 
power  pump  and  probe  laser  <  100  mW|.  A  dramatic  in¬ 
crease  in  the  reflection  efficiency  (to  more  than  20  timesi  is 
observed  if  the  temperature  of  the  sample  is  raised  (cf.  Fig.  3) 
either  by  placing  the  sample  in  a  temperature  cell  or  by  an 
overall  heating  with  an  increase  in  the  laser  powers  to  about 
1  W.  The  reflection  efficiency  increases  if  the  ratio  of  the 
pump  beam  power  to  the  probe  beam  power  is  increased.  At 
a  beam  ratio  of  about  250,  and  an  external  wave  mixing  angle 
9  =  1/300  (corresponding  to  a  wave  mixing  angle  of  1/450 
within  the  sample,  and  a  grating  constant  /iy  =  225  /imi. 
amplified  reflection  i  >  1009$-)  is  observed.  This  occurs  at  a 
pump  beam  of  1  W,  corresponding  to  a  pump  laser  intensity 
of  about  25  W/cm;  on  the  sample. 

Because  of  the  amplified  reflection  capability,  self-oscil¬ 
lation  starting  from  noise  generated  in  ihe  film  in  conjunc¬ 
tion  with  an  external  feedback  is  also  possible  To  observe 
this  effect,  the  mirror  V/  ,,  (99^  reflecting  at  5145  Al  is  in¬ 
serted  between  the  variable  beam  splitter  VBS  and  the  mir¬ 
ror  M.  The  probe  beam  is  blocked  with  an  opaque  material 
between  the  beam  splitter  iBSl  and  VBS.  With  a  pump  power 
input  of  about  1  W,  a  clearly  visible  self-oscillation  generated 
beam  is  observed  in  the  direction  along  C,  The  exit  beam 
power  at  C,  is  estimated  to  be  tens  of  microwatts.  The  self¬ 
oscillation  occurs  despite  a  strong  scattering  loss  (  ~25T| 
experienced  by  all  the  beams  in  traversing  the  sample  and  the 
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c  C  ~ 

TEMPERATURE  (°C) 

FIG  .V  Plot  of  the  diffraction  efficients  R  as  a  function  of  the  temperature 
at  vers  low  pump  and  probe  laser  power  at  temperature  far  from  /' .  the 
diffraction  efficiency  is  about  1  rr.  Near  f  .  it  increases  by  about  20  times. 


presence  of  the  aberrator.  Because  of  thermal  fluctuations  in 
the  path  of  the  lasers,  and  also  in  the  liquid-crystal  film  itself, 
there  is  considerable  instabilities  in  the  observed  self-oscilla¬ 
tions.  The  oscillations  appear  as  a  highly  brightened  beam 
along  C,  (observed  on  a  screen i  that  lasted  several  seconds, 
disappeared  temporarily,  and  appeared  again,  very  much 
likeacw  laser  just  above  threshold  and  oscillating  in  an  open 
atmosphere  li  e.,  no  enclosure  to  minimize  the  thermal  insta¬ 
bility  in  the  airi.  We  have  also  used  a  much  more  simplified 
setup  from  Fig.  2.  consisting  of  a  retroreflecting  (for  the 
pump  laserl  mirror  and  another  mirror  oriented  to  reflect  the 
conjugated  beam  back  to  the  sample. 

Although  MBBA  possesses  a  significant  absorption  at 
5145  A,  it  tends  to  deteriorate  in  quality  with  age,  as  often 
noted  by  many  researchers.  We  have  experimented  with  the 
more  stable  liquid-crystal  PCB,  in  which  traces  of  dyes 
1R6G1  are  dissolved  to  improve  the  absorption  rate  of  5145  A 
iPCB  possesses  very  little  amplified  natural  absorption  at 


5145  A  I.  and  observed  similar  wave  front  conjugation  and 
self-oscillation  effects. 

In  conclusion,  we  have  demonstrated  the  possibility  of 
observing  amplified  reflection  in  wave  front  conjugation, 
and  self-oscillation,  using  the  thermal  nonlinearity  of  a  ne¬ 
matic  liquid-crystal  film.  The  configurations  and  conditions 
for  these  effects  have  obviously  not  been  optimized,  but  the 
results  of  this  and  our  recent  studies  clearly  provide  the  basis 
for  optimization.  The  effect  can  also  be  applied  in  construct¬ 
ing  a  ring  oscillator.  It  is  also  obvious  that  other  types  of 
lasers  lew  or  pulsedi  can  also  be  used  le.g.,  CO;  laser  at  10.6 
jim  where  liquid  crystals  also  possess  natural  absorption, 
Nd.YAG  laser  at  1.06  jtm  if  the  liquid  crystal  is  “doped" 
with  traces  of  1R  absorbing  dyes,  etc.)  Works  along  these 
lines  are  currently  in  progress  and  will  be  reported  else¬ 
where. 
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Diffractions  and  Wavefront  Conjugation 
Processes  in  Nematic  Liquid  Crystals 
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Abstract— The  origins  and  the  dynamics  of  optical  nonlinearities  in 
nematic  liquid  crystal  Aims,  namely,  laser-induced  molecular  reorien- 
tational  and  thermal  refractive  index  changes,  are  analyzed  in  the  con¬ 
text  of  optical  wave  mixings.  Theoretical  expressions  for  the  basic  non- 
linearities,  the  rise  and  decay  time,  diffraction  efficiencies,  and  other 
pertinent  parameters  involved  in  the  dynamic  grating  formation  are 
derived.  Experimental  results  obtained  with  visible  and  infrared  laser 
pulses  are  analyzed.  Some  newly  observed  novel  nonlinear  processes 
are  also  reported. 


I.  Introduction 

LINEAR  and  nonlinear  optical  properties  of  liquid 
crystals  in  their  mesophases  have  been  studied  in  sev¬ 
eral  contexts,  in  both  fundamental  and  application-ori¬ 
ented  pursuits.  In  the  context  of  nonlinear  optical  pro¬ 
cesses,  they  have  recently  received  considerable  renewed 
interests  as  a  result  of  the  newly  discovered  extraordinar¬ 
ily  large  optical  nonlinearity  due  to  the  laser-induced  mo¬ 
lecular  reorientation,  and  a  renewed  effort  explicitly  at  the 
large  thermal  index  effect  in  liquid  crystals.  In  the  last  few 
years,  several  groups  [2]-[10]  have  looked  at  the  optical 
nonlinearity  in  the  mesophases  of  liquid  crystals  and  the 
associated  nonlinear  processes.  A  brief  review  of  some  of 
these  nonlinear  optical  processes  and  the  fundamental 
mechanisms  in  both  the  liquid  crystal  and  the  isotropic 
phases  has  recently  appeared  [1],  In  this  paper,  therefore, 
we  will  concentrate  only  on  optical  wave  mixing  pro¬ 
cesses  that  are  relevant  to  this  Special  Issue. 

Specific  effects  include  optical  self  diffractions,  gener¬ 
ation  of  high-frequency  acoustic  waves,  optical  wave  front 
conjugation  (with  gain)  and  self  oscillations,  and  in- 
frared-to-visible  image  conversion.  The  origin  of  the  op¬ 
tical  nonlinearities  responsible  for  these  processes  is  either 
the  optical-induced  molecular  reorientation  or  the  laser- 
induced  thermal  refractive  index  change.  In  the  next  sec¬ 
tion,  we  will  review  these  two  types  of  nonlinearities,  and 
especially  their  dynamical  dependences.  This  is  followed 
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by  a  summary  discussion  of  the  aforementioned  nonlinear 
processes. 

II.  Liquid  Crystal  Nonlinearity  and  Dynamics 
A.  Orientational 

In  theory,  all  three  mesophases  (nematics,  smectics,  and 
cholesterics)  of  liquid  crystals  posses  extraordinarily  large 
optical  nonlinearity  [  1]— [3] .  To  date,  the  most  extensive 
and  conclusive  experimental  studies  have  been  performed 
in  the  nematic  phase  [  1  ]-[  10)  where  the  molecules  are  di¬ 
rectionally  correlated  but  positionally  random.  The  direc¬ 
tion  is  characterized  by  the  director  axis  n,  and  the  cor¬ 
relation  by  an  order  parameter  J11.  Two  of  the  most 
commonly  employed  cell  alignments  are  depicted  m  Fig. 
1(a)  and  (b),  termed  homeotropic  and  planar  cells,  re¬ 
spectively  .  Homeotropic  samples  are  obtained  by  coating 
the  glass  slides  with  a  surfactant,  while  planar  samples 
are  often  made  using  glass  slides  that  have  been  rubbed 
in  a  unidirectional  direction  [11].  Nematics  are  highly  bi- 
refringent,  with  An  =  n,  -  n2  =  0.2  or  larger  where  n, 
and  n2  are  the  refractive  indexes  for  the  optical  field  par¬ 
allel  and  perpendicular  to  the  director  axis,  respectively. 
In  analogy  to  well-known  dc  field-induced  electrooptical 
effects,  the  primary  effect  of  an  optical  field  is  the  dielec¬ 
tric  torque  exerted  by  the  optical  electric  field  in  the  liquid 
crystal.  Under  suitable  conditions,  (which  we  will  pres¬ 
ently  elaborate)  the  optical  torque  creates  a  distortion  or 
reorientation  of  the  director  axis  and  an  accompanying  self 
(laser)-induced  refractive  index  change. 

Nematic  director  axis  reorientation  by  an  optical  field 
and  the  associated  wave  mixing  and  self-focusing  effect 
were  first  theoretically  quantitatively  studied  by  Tabiryan 
and  Zel’dovich  [4],  who  also  discussed  similar  processes 
in  smectic  and  cholesteric  liquid  crystals.  Herman  and 
Serinko  [5)  presented  a  theory  of  nematic  liquid  crystal 
axis  reorientation  by  an  optical  field  in  the  presence  of  a 
strong  bias  dc  magnetic  field  and  the  associated  wave 
mixings  and  optical  diffraction  effects.  Others  [2],  [3), 
[5]-[10j  have  also  considered  a  similar  reorientation  pro¬ 
cess  under  steady-state  or  time-dependent  optical  illumi¬ 
nation.  A  quantitative  analysis  and  experimental  study  of 
transient  nanosecond  laser-induced  molecular  reorienta¬ 
tion  and  heating  have  recently  been  presented  by  Hsiung 
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et  al.  (12]  and  by  Khoo  and  Normandin  (13].  In  this  pa¬ 
per,  we  shall  therefore  provide  a  brief  simplified  version 
of  the  theories  for  orientation  and  thermal  effect  whereby 
the  physics  of  the  nonlinearity  and  the  nonlinear  optical 
processes  in  the  transient  regime  can  be  clearly  appreci¬ 
ated.  The  interested  readers  could  also  refer  to  the  lengthy 
detailed  treatments  by  Tabiryan  and  Zel’dovich  (4]  and 
Ong  (7], 

Consider  two  linearly  polarized  lasers  incident  on  a 
homeotropic  nematic  film  as  shown  in  Fig.  1(a).  The  two 
beams’  interference  gives  rise  to  an  intensity  sinusoidal 
on  the  film,  i.e.,  the  total  electric  field  amplitude  £  on  the 
film  is  given  by 

£!  =  £f  +  £22  +  2£|£2  cos  <7  '  y  (1) 

where  £|  and  £2  are  the  amplitudes  of  the  two  optical 
fields 

<7  =  \q\  =  I*.  -  £|. 

The  free-energy  density  of  the  system  in  the  one-elastic 
constant  approximation  is  given  by  [  1 1  ] 
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(cos  2/3)  0  + 


sin  20 1 


An  approximate  solution  of  this  equation  is 

0  =  0(t)  cos  qy  sin  ^7  (5) 

a 

which  satisfies  the  so-called  hard-boundary  conditions  (0 
=  0  at  z  =  0  and  at  z  -  d). 

Substituting  (5)  into  (4)  gives 
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where  Ae  is  the  optical  dielectric  constant  anisotropy.  Ae 
=  e,  -  e2  and  0  is  the  reorientation  angle  of  the  director 
axis  n  from  the  initial  alignment. 

The  time  dependence  of  the  molecular  reorientation  fol¬ 
lowing  the  usual  Ericksen-Leslie  approach  becomes  (11] 

dO  „  (d20  020\  Ae  ■>  „  A  „ 

yJ,’KW  +  B?)  +  iiE'm2(l>+m  m 

where  7  is  the  effective  viscosity  coefficient.  In  writing 
(l)-(3),  we  have  neglected  several  terms  associated  with 
flow  and  inertia  (see  Hsiung  et  al.  (12])  in  the  medium 
which  have  been  shown  to  be  negligible  in  all  of  the  wave¬ 
mixing  experiments  so  far. 

In  the  small-angle  (0)  limit  (which  is  often  the  case  in 
actual  wave-mixing  experiments),  (3)  becomes 
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Fig.  1.  Schematic  of  two  optical  waves  propagating  in  (a)  a  homeotropic 
and  (b)  a  planar  nematic  liquid  crystal  film  AT s  are  the  propagation  di¬ 
rections.  E„p  is  the  optical  electric  field,  and  n  is  the  director  axis  direc 
tion.  The  two  optical  beams  are  crossed  at  a  wave-mixing  angle  in  a 
plane  perpendicular  to  the  plane  of  the  paper  (cl  Experimental  data  and 
theoretical  curves  for  the  phase  shift  2nt>  induced  in  a  250  /im.  homeo- 
tropically  aligned.  5CB  film  by  an  Ar*  laser  beam  at  different  angles  a 
circles  and  solid  curve,  a  =  0°,  solid  triangles  and  dashed  curve,  a  = 
3°;  squares  and  dotted  curve,  a  =  11°  Inset  shows  the  experimental 
geometry  (after  |3|)  (d)  Photograph  of  the  multiorder  diffractions  via 
two  wave  mixings  in  a  nematic  liquid  crystal  film  using  CW  lasers  with 
intensities  on  the  order  of  a  few  watts/cm'  Similar  mulliorder  diffrac¬ 
tions  are  observed  via  transient  wave  mixings  with  nanosecond  laser 
pulses  (I.  C.  Khoo.  unpublished) 


00  1 
dt  +  T 


sin  20 


1270 


IEEE  JOURNAL  OF  QUANTUM  ELECTRONICS.  VOL.  QE-22,  NO  8.  AUGUST  1986 


where 


_ Z2 _ 

—  £2  cos  20  -  K(r2ld2  +  q2) 

4  5T 


Fig.  1  where  the  laser  beams  propagate  as  an  extraordi¬ 
nary  ray)  is  given  by 

<8)  A n  =  n,(/ 3  +  0)  -  «,(/ 3) 

where  nf  is  given  by 


r  is  the  time  constant  characterizing  the  buildup  of  the 
reorientation  process. 

Depending  on  the  magnitude  of  the  optical  field,  the 
growth  of  the  reorientation  process  can  be  slow  or  fast.  If 
we  define  an  optical  Freedericks  transition  field  £f. 


4^ 

Aed 


in  analogy  to  dc  field  effect,  (8)  gives 
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(9) 


Most  previous  studies  of  molecular  reorientation  em¬ 
ployed  an  optical  field  below  or  just  above  the  Freedericks 
field  EF,  and  thus  r  is  large.  It  is  obvious  that  if  the  optical 
field  strength  increases,  e.g.,  to  104  statvolt/cm2  or  more, 
r  can  be  very  short  (microseconds  or  tens  of  nano¬ 
seconds),  using  standard  values  ford,  Ae,  K,  y,  and  q  ( q 
=  2t/A  where  A  is  the  grating  constant)  (e.g.,  d  *  50 
/im  »  A,  Ae  =  0.6,  K  =  10"7  dynes,  y  =  0. 1  poise). 
The  complication  arising  from  optical  reorientation  with 
a  high-power  pulsed  laser  is  that  the  liquid  crystal  will 
also  be  heated  [12],  [13],  via  some  finite  absorption.  This 
heating  effect  and  the  associated  refractive  index  changes 
have  been  characterized  by  different  time  scales  from  the 
orientational  process,  as  will  be  discussed  in  the  next  sec¬ 
tion. 

The  decay  time  of  the  process  is  simply 


1  =  7 

T’decay  K(r2/d2  +  q2)' 


(10) 


For  a  typical  thickness  d  ~  50  pm  and  A  ~  50  (im, 
the  decay  time  is  on  the  order  of  1  s.  Millisecond  decay 
time  is  achieved  for  d  or  A  on  the  order  of  a  few  microm¬ 
eters. 

The  magnitude  of  the  reorientation  angle  0  depends  ob¬ 
viously  on  the  magnitude  as  well  as  the  duration  of  the 
pulsed  optical  field,  and  will  saturate  when  all  the  mole¬ 
cules  are  aligned  in  the  direction  of  the  optical  field.  We 
note  here,  however,  that  for  large  reorientation  angles,  (6) 
is  no  longer  valid  and  one  has  to  use  (3),  the  solution  of 
which  has  been  discussed  in  various  contexts  by  several 
workers  [3],  [4],  [7],  [12].  On  the  other  hand,  for  small 
0,  the  stationary  maximum  value  of  0  is  roughly  given  by 
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For  a  given  reorientation  0,  the  change  in  the  refractive 
index  A n  associated  with  the  two  extraordinary  rays  (e.g.. 


n,(/3  +  0)  = 


_ «l«2 _ 

Vn2  cos2  (0  +  0)  +  n\  s.n"  (p  0)' 


(12) 


Equation  (12)  gives,  in  the  small  0  limit,  an  index  grating 


A n(0)  -  0  - —  sin  20.  (13) 

2c, 

In  the  small  0  limit,  and  for  E2P  «  Ej,  (11)  reduces 
to  a  form  analogous  to  those  obtained  in  previous  publi¬ 
cations  [  1  ]-[4] .  The  significance  of  A/i(0)  is  its  magni¬ 
tude.  Ford  -  100  ftm,  0  ~  0.5  rad,  an  optical  intensity 
on  the  order  of  100  W/cm2  will  induce  a  An  of  10~3  (0  - 
10  2).  For  example.  Fig.  1(c)  shows  a  detailed  measure¬ 
ment  by  Durbin  et  al.  [3]  of  the  laser-induced  phase  shift 
[due  to  A n(d)]  in  a  nematic  liquid  crystal  film  for  various 
values  of  the  angle  0  (denoted  as  a  in  [3]).  In  the  context 
of  wave  mixings  involving  two  laser  beams  £,  and  £2  as 
described  earlier,  the  theory  and  experiments  were  first 
quantitatively  studied  by  this  author  [2],  The  dependence 
of  the  self-diffraction  effect  on  the  angle  0,  the  grating 
spatial  frequency,  and  also  the  temperature  independence 
of  the  nonlinear  diffraction  were  experimentally  verified. 
In  the  presence  of  a  strong  dc  bias  field,  the  optical  non¬ 
linearity  of  a  nematic  liquid  crystal  film  is  enhanced;  as 
may  be  seen  in  the  photograph  of  Fig.  1(d).  This  shows 
the  multiorder  diffractions  from  a  75  pm  thick  nematic 
film  where  an  applied  bias  magnetic  field  is  used  to  first 
reorient  the  director  axis.  Diffraction  efficiencies  on  the 
order  of  more  than  10  percent  are  observed  for  laser  in¬ 
tensities  of  only  a  few  watts/cm2.  The  effect  was  first  con¬ 
firmed  by  an  observation  by  Khoo  [2]  following  the  pre¬ 
diction  of  Herman  and  Serinko  [5].  Subsequently,  Durbin 
et  al.  [10]  have  also  studied  the  problem  involving  the 
multiple  diffraction  orders,  and  have  presented  a  detailed 
analysis  of  the  multiple  diffraction  effects. 


II.  Thermal  Nonlinearity 


The  dependence  of  the  refractive  index  of  nematic  liq¬ 
uid  crystal  on  the  temperature  has  occupied  central  im¬ 
portance  in  the  study  of  the  fundamental  and  applied 
properties  of  liquid  crystals  [11].  In  this  discussion,  we 
will  follow  the  literature  [11],  [14]  and  choose  as  the 
starting  point  of  our  analysis  of  the  thermal  nonlinearities 
the  dielectric  constants  =  n,2  and  e2  =  n\.  Depending 
on  the  levels  of  sophistication  one  desires,  there  are  sev¬ 
eral  possible  forms  of  e ,  and  e2  in  terms  of  molecular  pa¬ 
rameters  (see,  for  example,  De  Jeu,  [11]).  In  the  simplest 
case,  they  are  given  by 


t,  =  1  +  ( Np/3e0M )  la,K,(2S  +  1)  +  a,A,(l  -  2S)] 


and 

* 2  = 


(14) 

+■  (Np/3e0M)  [a,K^  1  -  S)  +  a,K,( 2  -f-  5)] 

(15) 
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where  a,  ,  and  Kf  ,  are  the  longitudinal  and  transverse 
components  of  the  molecular  electronic  polarization  a  and 
the  internal  field  tensor  K ;  N  is  the  Avagadro  number,  p 
is  the  density  of  the  liquid  crystal.  M  is  the  molecular 
weight,  and  S  is  the  order  parameter.  The  degree  of  so¬ 
phistication  depends  on  the  various  models  used  for  eval¬ 
uating  K.  To  understm'l  the  key  factor  affecting  the  ther¬ 
mal  refractive  index  change,  we  shall  use  a  slightly 
simplified  version  where  the  local  field  correction  factors 
are  ignored.  In  that  case,  f ,  and  e:  from  ( 14)  and  (15)  can 
be  expressed  in  the  form 

f,  =  (i  +  t  Af  (16) 


f;  =  (,  —  {  Af 


t*>  0  1  .*  *>  ! 0  0 


where 


l;i^  2  The  dependences  ot  {tin ,,/<//’ >(/i, ,  n, »  ;irui  (</«!  '<//  )  in  j.  /« . ) 
on  temperature  deduced  from  data  in  ( |4)  ! „  is  the  nematic  ♦  isotropic 
transition  temperature  Some  theoretical  values  obtained  using  ( l(>)  (2()| 
(cl.  1 1  Ml  are  itKo  indicated  < 0  and  0) 


(/  =  I  +  - — —  (a ikt  +  2 a,k,)  -  1  +  const,  p  (18) 

3f 

and 

NpS 

At  ~  — —  («f^y  -  oitk,)  -  pS.  (19) 

t»M 

On  the  other  hand,  the  order  parameter  S  (defined  in 
many  standard  texts)  can  be  shown  to  be  well  approxi¬ 
mated  by  the  expression 

A  =  1 1  -  0.98  7V’/T„,  K,;l°  ”  (20) 

where  Tn,  is  the  nematic  -*  isotropic  phase  transition  tem¬ 
perature  and  Vni  is  the  corresponding  volume.  The  most 
significant  contributions  to  the  refractive  index  depen¬ 
dence  on  temperature  are  from  p  and  S.  Other  parameters 
are  also  highly  temperature  dependent,  such  as  the  vol¬ 
ume  V  and  the  specific  heat  Cv  that  is  involved  in  the  laser 
heating  of  the  liquid  crystals.  One  can  think  of  the  con¬ 
tributions  from  p  and  S  as  being  primary,  while  others  are 
only  secondary  and  may  be  neglected. 

The  most  significant  feature  of  laser-induced  thermal 
index  change  is  the  magnitude  of  dn,/dT and  dn:/dT.  Fig. 
2  is  a  plot  of  the  thermal  index  gradients  (dnJdT  and  dnJ 
dT)  of  PCB  from  experimental  values  of  the  refractive 
indexes  (14). 

Typically,  (dn^/dT)  is  on  the  order  of  4  x  10  4  K  1 
while  ( dne/dT )  is  about  1.5  x  10  ’  K  ',  which  are  al¬ 
ready  much  larger  than  most  other  high  thermal  index  ma¬ 
terials  (e  g.,  cyclohexane).  Near  Tr.  both  dn/dT’s  in¬ 
crease  by  more  than  an  order  of  magnitude. 

For  transient  wave  mixings,  the  detailed  calculations 
for  the  three-dimensional  thermal  grating  buildup  and 
temperature  distribution  and  dissipation  arc  obviously 
very  complex,  and  are  further  complicated  by  the  aniso¬ 
tropic  thermal  diffusion  constants  of  the  liquid  crystals, 
as  well  as  the  enclosing  glass  slides.  In  the  simplest  case 
where  the  thermal  grating  is  reducible  to  a  one-dimen¬ 
sional  problem  ( 1 4 1  (e.g.,  the  case  of  very  small  grating 
constant  A  compared  to  the  cell  thickness  d),  the  thermal 
decay  time  constants  for  heat  dissipation  along  and  per¬ 


pendicular  to  the  nematic  axis  are.  respectively  r,  - 
(D,qi)  1  and  r2  =  (D2q2)  '.  For  typical  liquid  crystals. 
D:  ~  7.9  x  10  4  cm's  1  and  D,  -  1.25  x  10  ’  cm’s  '. 
Fora  grating  constant  A,  -  2i rlq,  ~  17  pm,  one  gets  t: 
~  110  pm.  On  the  other  hand,  r  =  11  (n:/n[):T;  *  50 
ps.  These  estimated  values  are  in  good  agreement  with 
the  experimental  data  obtained  in  a  recent  study  1 13). 

III.  E.XPI  RIMENTAl  l.Y  Ob.SI  RVIO  DYNAMIC  GRACING 
Ei  1 1 e  rs 

A.  Nonlinear  Diffraction  and  High-Frequency  Acoustic 
Waves 

From  ( 15),  ( 16).  and  (20),  it  is  obvious  that  the  change 
in  the  refractive  index  as  a  function  of  a  temperature  rise 
is  due  to  a  change  in  the  order  parameter  .S'  and  the  density 
p.  In  the  transient  regime  involving  very  short  laser  pulses 
(short  compared  to  the  acoustic  phonon  lifetime  I .  the  in 
terference  of  two  laser  beams  will  give  rise  to  an  index 
grating  comprising  a  nonpropagating  component  associ¬ 
ated  with  S  and  a  propagating  component  from  p.  These 
two  components,  under  appropriate  conditions  (tempera¬ 
ture,  angle,  etc.,  as  detailed  in  1 13]).  will  interfere  and 
produce  modulation  in  the  diffraction  of  a  probe  beam 
from  the  grating  produced  by  the  two  incident  beams  1 1 5 1 . 
( 16).  The  frequency  of  modulation  is  given  by  CJ A  where 
C\  is  the  sound  velocity  in  the  bulk  liquid  crystalline  film. 
Fig.  3(a)  shows  the  dynamics  of  the  detraction  of  a  CW 
He-Ne  probe  laser  from  a  grating  produced  by  iwo  lin¬ 
early  polarized  nanosecond  Nd:YAG  second  harmonic 
laser  pulses  in  a  nematic  film  |I7).  The  initial  portion 
clearly  shows  the  modulation  caused  by  the  acoustic  in 
terference.  A  principal  requirement  for  generating  these 
gigahertz  acoustic  waves  is  that  the  bandwidth  of  the  two 
exciting  lasers  be  large  enough  to  accommodate  the 
acoustic  frequency;  hence,  we  have  the  use  of  picosecond 
lasers  in  some  studies  |15],  |I6|.  Alternatively,  one  can 
employ  a  two-mode  laser  and  a  wave-mixing  angle  such 
that  the  grating  constant  A  and  therefore  the  sound  fre¬ 
quency  CJ  A  matches  the  frequency  separation  of  the  two 
modes  117). 
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Fig  V  (a)  The  temporal  dependence  of  the  diffraction  ol  a  CW  He  -Ne 
laser  trom  a  transient  grating  induced  b\  two  nanosecond  Nd  YAG  sec¬ 
ond  harmonic  laser  pulses  in  a  nematic  film  iPCB.  40  jini  thick,  ho 
me<»t ropical ly  aligned)  Jailer  |!7}j  Time  scale  is  20  ns  div  Similar  ul 
trasonic  wa\c  generation  was  also  observed  in  a  smectic  liquid  crystal 
film  [  1 7h | .  (hi  The  dynamics  of  the  thermal  grating  formation  and  deca> 
in  a  nematic  film  as  monitored  bv  a  CW  He  Ne  probe  laser  dillraction 
The  grating  wave  vector  A',  A'.  is  perpendicular  to  the  director  axis 

i c >  Same  as  in  ib).  but  for  A',  -  A.  along  the  director  axis. 

Using  the  pump  prohe  experiment,  and  from  modula¬ 
tion  data  similar  to  Fig.  3(a).  both  the  velocity  of  sound 
and  the  acoustic  attenuation  constant  in  the  bulk  nematic 
can  be  measured  simultaneously.  The  sound  velocities  in 
the  nematic  and  smectic  phase  obtained  using  these  tran¬ 
sient  wave-mixing  effects  are  in  excellent  agreement  with 
those  obtained  by  other  techniques  1 18],  ]  19],  Obviously, 
if  the  incident  plane  of  the  laser  and  the  wave-mixing  an¬ 
gle  are  chosen  appropriately,  and  using  a  planar  sample, 
one  could  also  study  the  acoustic  velocity  and  attenuation 
anisotropies.  These  transient  wave-mixing  interference  ef¬ 
fects.  therefore,  could  be  developed  into  very  versatile 
and  powerful  techniques  (cf.  work  by  Nelson  el  al.  |lb| 
and  Eichler  and  Stahl  115])  for  studying  bulk  acoustic 
properties  in  nematics  as  well  as  smectics. 

In  these  experiments,  self  diffractions  from  the  two  in¬ 
cident  Nd  :  YAG  lasers  are  also  observed.  This  shows  that 
the  rise  time  of  the  thermal  grating  buildup  is  therefore 
on  the  order  of  the  laser  pulse  duration,  as  mentioned  ear¬ 
lier.  To  investigate  further  the  rise  and  fall  dynamics,  we 
again  monitor  the  diffraction  from  a  CW  He-Ne  beam. 
Fig.  3(b)  and  (c)  show  the  typical  dynamics  of  the  thermal 
buildup  and  decay  for  the  grating  wave  vector  q  perpen¬ 
dicular  and  parallel  to  the  nematic  axis,  respectively.  The 
rise  time  is  on  the  order  of  the  incident  laser  pulses,  while 


the  decay  time  depends  on  the  grating  wavevector  direc¬ 
tion  with  respect  to  the  director  axis,  as  well  as  on  the 
grating  constant.  Obviously,  for  a  much  smaller  grating 
constant,  the  decay  time  can  be  considerably  shorter  than 
the  50  jus  or  so  observed  here. 

In  some  nematics,  e.g.,  PCB  (4-cyano-4’-pentylbi- 
phenyl).  the  natural  absorption  is  quite  small  at  the  second 
harmonies  of  the  Nd  :  YAG  laser.  To  enhance  the  absorp¬ 
tion  constant  and  thus  the  nonlinearity,  it  is  possible  to 
dissolve  some  dyes  that  absorb  at  around  0.53  /um.  e.g.. 
rhodamine  6G.  Experiments  have  been  conducted  [13], 
]I7]  in  nematic  films  with  traces  of  dissolved  dyes  which 
showed  that  the  required  laser  energies  for  several  non¬ 
linear  processes  based  on  the  thermal  effect  were  drasti¬ 
cally  reduced.  A  detailed  study  of  the  rise  portion  of  the 
He-Ne  diffraction  also  shows  that  the  intramolecular  re¬ 
laxation  processes  that  transfer  the  excitation  from  the  dye 
to  the  liquid  crystal  take  place  probably  at  much  shorter 
time  scales  than  the  laser  pulse  length,  as  the  diffraction 
from  a  dyed  sample  has  exactly  the  same  rise  time  as  the 
undyed  sample. 

IV.  Optical  W.xviuront  Conji cxiion  and 

Ml  I  tlW  AVK  MlXINfiS 

Fig.  4  depicts  a  typical  optical  configuration  for  wave- 
front  conjugation  studies.  The  two  incident  waves  E ,  and 
Ei  generate  a  grating  (via  thermal  or  reorientational  ef¬ 
fect).  Ex  is  the  rctroreflection  of  E:.  while  /.,  is  the  gen¬ 
erated  fourth  (conjugated  or  reflected)  wave.  In  liquid 
crystalline  systems,  there  have  been  several  studies  of 
wavefront  conjugation  based  on  different  nonlinearity 
mechanisms.  Fekete  et  at.  |2()|  employed  nanosecond 
laser-induced  molecular  reorientation  in  the  isotropic 
phase,  the  mechanism  and  dynamics  of  which  were  first 
studied  quantitatively  by  Wong  and  Shell  1 20] .  These  in¬ 
dividual  molecular  reorientational  effects  exhibit  some 
enhancement,  owing  to  greater  molecular  correlation  as 
the  liquid  is  cooled  towards  the  isotropic  -  nematic  tran¬ 
sition  temperature  T,  On  the  other  hand.  Garibyan  et  al 
] 2 1 1  employed  a  liquid  cry  stal  light  valve  lor  optical  wave- 
mixing  processes.  The  reference  and  object  beam  set  up 
an  interference  intensity  grating  on  the  light  valve  which, 
acting  on  the  photoeonduetor  material  coating,  changes 
the  impedance  of  the  (nematic)  liquid  crystal  film.  In  con¬ 
junction  with  an  applied  dc  field,  the  intensity  grating 
leads  to  an  orientational  (and  therefore  a  phase)  grating 
that  optical  wavefront  conjugation  rising  purely  optical 
field-induced  effect  in  the  nematic  phase  was  first  dem¬ 
onstrated  by  our  group  where  the  phase  aberration  correc¬ 
tion  capability  was  also  confirmed  |22|.  In  a  later  study, 
Leith  et  al.  ] 23 ]  employed  thermal  nonlinearity  to  dem¬ 
onstrate  the  feasibility  of  speckle-noise  removal  in  wave- 
front  conjugation  using  a  spatially  partially  coherent  laser 
beam. 

For  highly  nonlinear  materials,  it  is  possible  to  obtain 
amplified  phase  conjugation  reflections  1 24 1 .  Moreover, 
noise  originating  from  the  system  could  also  interfere  co¬ 
herently  with  the  pump  beams  and,  with  proper  feedback 
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Fig.  4.  Schematic  of  the  setup  for  optical  wavefront  conjugation  using  a 
liquid -crystal  (LC)  film.  object  beam,  f2:  reference  beam.  A:  aber- 
rator,  M:  mirror,  M%0:  mirror  to  be  used  for  self-oscillation  effect,  VBS 
variable  beam  splitter  to  control  the  intensity  of  £..  RS  b<-am  splitter. 
R  total  reflector.  For  an  example  of  wavefront  conjunction  result,  see 
Felcete  el  al.  (20]  (isotropic  phase  of  liquid  crystal)  or  [20]  (nematic 
phase). 


(a) 


Iim  SIM 


Fig.  S.  (a)  Phase  matching  in  optical  wavelength  conversion  using  K ,  and 
AT,  to  induce  the  grating  and  K,  to  generate  Kt  via  four-wave  mixing 
process,  (b)  Experimental  setup  for  infrared-lo-visible  image  conversion 
using  the  transient  grating  induced  by  infrared  (1.06  pm)  Nd  :  Y  AG  laser 
pulses  in  a  dyed  nematic  liquid  crystal  film.  The  reconstructing  beam  is 
a  CW  He-Ne  (0.63  pm)  laser.  The  photo  insert  is  a  typical  observed 
reconstructed  image  of  the  wire  mesh  object. 


from  a  mirror,  lead  to  self  oscillations  [25],  A  study  of 
amplified  reflection  based  on  thermal  nonlinearity  of  ne¬ 
matic  has  been  reported  [26].  Another  consequence  of 
very  strong  two-wave  mixing  is  that  the  probe  beam  will 
be  amplified  by  the  pump  [26],  Herman  and  Serinko  [5] 
first  calculated  the  efficiency  of  this  process  in  a  nematic 
film  just  above  a  dc  magnetic  field-induced  Freedericks 
transition.  They  predicted  that  amplification  of  the  probe 
could  arise  with  a  very  low  power  laser  (with  power  on 
the  order  of  a  few  watts).  This  was  indeed  verified  (Khoo 
and  Zhuang  [2]).  There  are  obviously  several  possible 
further  studies  based  on  these  results,  such  as  image  am¬ 
plification  via  phase  conjugations  and  ring-laser  oscilla¬ 


tors.  Extension  of  these  studies  involving  visible  lasers  to 
lasers  in  the  infrared  regime  are  also  envisioned. 

It  is  possible  to  use  beams  at  one  wavelength  to  induce 
a  refractive  index  grating  (or  hologram),  which  subse¬ 
quently  diffracts  an  incoming  beam  at  another  wavelength 
[27],  Fig.  5(a)  shows  the  basic  geometry  required  for 
phase  matching  used  in  our  study  using  a  nematic  liquid 
crystal  [28].  For  a  variation  of  the  Bragg  diffraction  angle 
<t>  by  5 <t>  for  which  the  phase-matched  condition  is  still 
satisfied,  i.e.,  Akl  <  ir,  one  gets 

6<*>  =  2n4>-'(M(i  +  Mi))"1 

where  kt  and  k2  are  the  wavevectors.  The  diffraction  solid 
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angle  of  the  object  beam  which  sends  an  area  A  on  the 
sample  is  given  by  <t>D  =  4II2/fc2/l.  It  is  therefore  possible, 
in  principle,  to  have  the  number  of  resolution  elements  N, 
defined  as  N  —  6<t>!<pD,  as 


/(I  +  w 

For  example,  if  A  -  1  mm:,  t  —  100  (im,  and  k\  =  2sr/ 
A  -  2ir/(1.06  Mm).  we  l'ave  N  ~  104  Resolution  of  this 
order  was  reported  by  Martin  and  Hellwarth  [27]  using  a 
slightly  different  (but  basically  similar)  geometry  where 
both  Ky  and  AT*  are  exactly  opposite  in  directions  to  those 
depicted  in  Fig.  5  here.  The  point  about  nematic  liquid 
crystal  film  is  that  using  liquid  crystal  “doped”  with  some 
infrared  absorbing  dyes,  one  could  perform  th  *se  real-time 
holographic  processes  with  less  laser  energy  (per  unit  area) 
because  of  the  unusually  high  thermal  indexes.  Fig.  5(b) 
is  a  setup  used  in  a  recent  experiment  [28].  The  liquid 
crystal  used  is  a  PCB  sample  with  traces  of  dissolved  in¬ 
frared  absorbing  dyes.  The  object  used  for  this  real-time 
holographic  imaging  process  is  a  wire  mesh.  The  pump 
and  probe  beams  are  from  a  20  ns,  1.06  |xm  Nd:YAG 
laser  pulse,  while  the  probe  beam  is  a  CW  He-Ne  laser 
(0.6328  /<m).  Visible  images  (at  0.6328  jim)  are  observed 
at  input  energies  on  the  order  of  50  and  15  mJ  on  a  spot 
size  of  0.5  cm2.  The  energy  per  unit  area  is  considerably 
less  than  that  used  in  previous  studies  [27],  If  the  sample 
temperature  is  raised  to  near  Tc,  a  decrease  in  the  energy 
requirement  by  an  order  of  magnitude  is  observed.  This 
process  of  infrared-to-visible  image  conversion  is  by  no 
means  the  only  possible  or  the  most  desirable  one,  but  it 
points  to  the  possibility  of  other  applications  based  on  this 
nonlinear  interaction  between  laser  beams  of  different 
wavelengths  in  the  transient  or  steady-state  regime.  It  is 
also  conceivable  that  one  can  utilize  the  orientational  ef¬ 
fect  to  achieve  infrared-to-visible  conversion,  as  briefly 
demonstrated  also  in  [28] . 

V.  Conclusion 

We  have  presented  a  discussion  of  the  theories  and  ex¬ 
periments  on  laser-induced  optical  nonlinearities  and  some 
recently  observed  wave-mixing  processes  in  nematic  liq¬ 
uid  crystals  based  on  the  phase  grating  induced  by  two 
laser  pulses.  These  studies  have  demonstrated  again  the 
unique  and  interesting  physical  characteristics  of  liquid 
crystals  that  have  attracted  the  attention  of  fundamental 
and  applied  researchers  alike.  It  is  also  clear  that  some 
practically  useful  nonlinear  optical  devices  could  be  con¬ 
structed.  The  nematic  phase  is  but  one  of  the  several 
mesophases  of  liquid  crystal  that  possess  these  interesting 
nonlinearities.  Cholesterics  and  smectics  [4]  and  other 
hybrid  forms  of  nematics  [6]  also  possess  large  nonlin¬ 
earities.  We  anticipate  that  many  more  effects  will  be  ob¬ 
served  in  the  near  future. 
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Using  low-power  cw  lasers  in  conjunction  with  the  symmetric  and  asymmetric  nonlinear  transverse  self-phase 
modulation  imparted  by  a  nematic  liquid-crystal  film,  we  have  demonstrated  two  forms  of  transverse  intensity¬ 
switching  and  power-limiting  operations.  Applications  to  high-power  nanosecond  laser  are  also  feasible. 


The  passage  of  a  laser  beam  through  a  nonlinear  medi¬ 
um  is  accompanied  by  interesting  transverse  optical 
intensity-redistribution  phenomena,  such  as  self-fo¬ 
cusing,  defocusing,  ring  formation,  and  beam  break¬ 
up.  1  These  processes  have  found  applications  in  some 
optical  devices,2-4  among  them  the  so-called  passive 
optical  limiter.5 

We  report  the  experimental  observation  of  two 
forms  of  optical  intensity-switching  processes  associ¬ 
ated  with  a  transverse  self-phase-modulation  effect  in 
a  nematic  liquid  crystal  first  observed  by  Zolotko  et  al. 
and  Durbin  et  al.6  In  one  case,  the  whole  incident 
beam  is  involved,  creating  what  we  call  a  transversely 
symmetric  self-phase  modulation  (SSPM).  By  im¬ 
posing  an  asymmetry  on  the  incident  laser  beam  (e.g., 
by  half  blocking  it),  an  asymmetric  self-phaae-modu- 
lation  (ASPM)  effect  is  induced. 

Figure  1  is  a  schematic  of  the  experimental  setup 
used.  The  laser  used  is  a  cw  linearly  polarized  Ar+ 
laser  (0.5145-pm  line).  The  liquid  crystal  used  is  a 
homeotropically  aligned  (cf.  Fig.  2)  (pentylcyano- 
biphenyl)  (PCB)  film.  The  configuration  of  the  direc¬ 
tor  axis  ft,  the  optical  electric  field  Eop,  and  the  propa¬ 
gation  wave  vector  k  is  such  that  large  reorientauonal 
nonlinearity  is  induced.7  The  laser-induced  reorien¬ 
tation  dielectric-constant  change  5<(r)  is  given  by" 

Mr)  ~  sin2  2d,  (1) 

4  If 

where  If  is  the  optical  Freedericksz  intensity7  [/F  = 
(ncir2K/2A(d2)};  At  is  the  optical  dielectric  anisotropy 
(Ae  =  <n  -  <j_,  where  «n  and  t  L  are  the  optical  dielec¬ 
tric  constant  for  field  polarization  parallel  to  and  per¬ 
pendicular  to  the  director  axis,  respectively);  K  is  the 
elastic  constant;  and  d  is  the  thickness  of  the  sample. 

In  terms  of  the  refractive-index  change  bn,  we  have 

Mr)  =  n/(r)  =  (Atir2/4nIF)  sin2  2 d/op(r).  (2) 

If  the  incident  laser  beam  is  half  blocked  (e.g.,  be¬ 
ginning  in  the  positive  x  direction),  then,  roughly, 
these  two  expressions  will  be  multiplied  by  a  step 
function  d(x)  (0(x)  =  0,  x  <  0;  0(x)  =  1,  x  >  0].  The 


liquid -crystal  film  has  a  thickness  of  75  nm.  In  this 
case,  the  effect  of  the  transverse  nonlinearity  is  to 
impart  an  intensity-dependent  phase  shift  on  the  laser 
beam.  This  phase  shift  leads  to  external  self-focusing 
(and  the  associated  change  in  the  laser-beam  diver¬ 
gence)  in  the  case  of  SSPM  or  to  self-deflection  in  the 
case  of  ASPM. 

For  a  given  radially  symmetric  incident  optical  elec¬ 
tric-field  distribution  at  the  plane  of  the  nonlinear 
film,  /o(r,  0),  the  transmitted  field  at  a  distance  z,  E(r, 
z),  is  simply  given  by  the  usual  diffraction  integral,1 

/(r,  z)  -  j  j  >y7^(r)drr</0(2jrrr0/Xz) 

X“P{-i'i[S  +  2£S  +  MrWif; 

where  v/0(r)  is  the  incident  electric-field  amplitude,  R 
is  the  radius  of  curvature,  d  is  the  thickness  of  the 
nonlinear  thin  film,  and  X  is  the  wavelength  of  the 
laser. 

Obviously,  the  intensity  distribution  /(r,  z)  depends 
on  several  parameters.  Most  importantly,  if  the  input 
laser  beam  is  Gaussian  [i.e.,  if  loir,  0)  ~  /q  exp  — 
2r2/wd2,  where  te0  is  the  beam  waist],  then  the  far-field 
intensity  distribution  in  the  case  of  SSPM  will  yield 
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Fig.  1 .  Schematic  of  the  experimental  setup  for  symmetric 
and  asymmetric  (with  the  use  of  the  opaque  object  to  half 
block  the  laser)  self-phase-modulation  effect.  Symmetric 
self-phase  modulation  gives  rise  to  self-focusing  and  diver¬ 
gence  of  the  laser  at  the  detector  plane  at  high  power,  as 
shown  by  the  dashed  lines.  Also  shown  by  dashed  lines  is 
the  self-bending  effect  associated  with  asymmetric  self¬ 
phase  modulation. 
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Fig.  2.  Optical  propagation  in  a  homeotropic  nematic  crys¬ 
tal  film. 
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Fig.  .1.  (a)  Photograph  of  the  laser  at  the  detector  plane  at 

low  power,  (b)  Photograph  of  the  laser  at  higher  power 
showing  ring  formation  and  increased  divergence  for  the 
case  when  the  incident  laser  has  a  positive  radius  of  curva¬ 
ture.  The  central  portion  remains  bright  for  the  full  laser- 
power  range,  (c)  Photograph  of  the  laser  at  the  detector 
plane  at  high  power  for  the  case  when  the  incident  laser  has  a 
negative  radius  of  curvature.  The  central  portion  tends  to 
be  dark  for  the  entire  power  range. 


interference  rings  at  high  input  intensity.  Moreover, 
the  divergence  of  the  beam  will  also  change  drastically. 
This  is  observed  in  our  experiment  and  in  other  stud¬ 
ies.*6  In  the  case  of  ASPM,  the  asymmetry  in  the  self¬ 
phase  modulation  (in  the  x  direction  for  the  present 
case)  gives  rise  to  self- bending  of  the  beam  besides  the 
other  effects  associated  with  SSPM  mentioned  above. 

The  photograph  in  Fig.  3(a)  is  that  of  the  laser  beam 
(detected  at  a  plane  located  7  m  from  the  sample)  at 
low  power,  where  there  is  no  appreciable  self-phase- 
modulalion  effect.  At  high  intensity  { — 100  W/cm-'), 
both  diffraction  rings  and  a  drastic  increase  in  the 
divergence  of  the  laser  are  observed  [cf.  Figs.  3(b)  and 
3(c)], 

As  the  sample  is  moved  around  the  focal  plane  of  the 
lens  L|  (i.e.,  the  radius  of  curvature  R  of  the  wave  front 
changes  in  sign  as  well  as  in  magnitude),  the  intensity 
distribution  at  the  detector  plane  varies  considerably.' 
Figure  3(b)  is  typical  of  the  intensity  distribution  if 
the  sample  is  located  just  beyond  the  focal  plane  of  L  t , 
i.e.,  if  R  is  positive. 

The  central  portion,  i.e.,  the  on-axis  part  of  the 
beam,  has  a  small  region  of  brightness  that  seems  to 
persist  at  all  input  intensities.  On  the  other  hand.  Fig. 
3(c)  is  typical  of  the  intensity  distribution  if  the  sam¬ 
ple  is  located  before  the  focal  plane  of  L| .  The  central 
region  is  dark  at  high-input  laser  intensity.  These  are 
obviously  diffraction  effects,  coupled  with  the  nonlin 
ear  transverse  phase  shift. 

As  a  result  of  the  drastic  increase  in  the  divergence 
of  the  beam  at  the  detector  plane,  the  detected  power 
(the  so-called  output)  versus  the  input  laser  power  will 
deviate  from  linear,  tending  to  a  so-called  “limiting" 
form.  This  is  indeed  observed,  as  is  shown  in  Fig.  4. 
The  detector  collects  almost  all  the  transmitted  laser 
beam,  at  low  power.  But  at  higher  intensity,  the  out¬ 
put  shows  limiting  behavior  even  as  the  input  is  in¬ 
creased  by  almost  10  times. 

In  the  case  of  ASPM,  similar  ring  formation  and 
laser-divergence  change  are  observed,  with  an  addi¬ 
tional  effect  that  the  whole  beam  bends  toward  the 
negative  X  direction.**  Figures  5(a)  and  5(b)  show 
such  a  deflection  effect.  The  beam  moves  by  a  dis¬ 
placement  of  roughly  twice  the  laser-beam  waist  at  the 
observation  plane.  The  experimentally  observed  de¬ 
flection  angle  is  found  to  be  0.03  rad.  Using  Eq.  (2), 
one  can  estimate  this  deflection  angle.  For  the  liquid 


0  00  0  25  0  50  0  75  1  00 


INPUT  POWER  (WATTS) 

Fig.  4.  Plot  of  the  detector  power  versus  the  incident  laser 
power  showing  power-limiting  effect. 


Fig.  5.  la)  Photograph  of  the  laser  spot  on  the  observation 
plane  at  low  power.  Black  line  at  center  is  for  reference 
purpose,  (hi  Same  as  in  (a),  but  at  high  power.  The  beam 
deflects  by  a  displacement  of  about  twice  the  laser-beam 


Fig.  6.  Photograph  of  the  increased  divergence  and  ring 
formation  due  to  nanosecond  laser-induced  self-phase  mod¬ 
ulation. 


crystal  used  in  the  deflection  experiment,  the  thick 
ness  d  =  100  pm  and  0  =  15°,  If  is  about  500  W/cm2 
(using  At  =  0.8,  t  ~  2.25,  K  =  0.8  X  10_fi  dyn).  The 
optical  intensity  used  is  100  W/cm2.  From  Eq.  (2), 
then,  we  get  5n(r  =  0)  =*  0.06.  The  half-block  laser 
has  a  radius  of  about  0.05  cm.  The  refractive-index 
coefficient  is  therefore  about  0.06-0.05  ~  1.2  cm-1. 
The  deflection  angle  0  associated  with  this  index  coef¬ 
ficient  is  therefore  given  by  6  ~  0.07  rad.  This  is  close 
to  the  experimentally  observed  value  in  view  of  several 
factors  of  unity  overestimation  in  the  theory. 
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Molecular  reorientation  in  nematics  can  also  be  in¬ 
duced  by  high-power  nanosecond  lasers.  Hsiung  et 
al.10  had  shown  that  a  homeotropic  nematic  liquid 
crystal  will  be  reoriented  by  a  normally  incident  nano¬ 
second  laser  pulse,  provided  that  a  strong  dc  bias  mag¬ 
netic  field  is  present,  in  analogy  to  the  cw  case.7  In  our 
experiment,  the  nanosecond  laser  pulse  (Q-switched 
Nd:YAG  second  harmonic;  20-nsec  duration;  10  mJ;  1- 
mm2  beam  size)  is  incident  at  an  nonnormal  angle  as  in 
Fig.  2.  In  this  case,  molecular  reorientation  will  occur 
without  a  bias  field,  in  analogy  again  to  the  cw  case.’ 
Furthermore,  we  use  a  nematic  liquid  crystal  (EM 
chemicals  EK46)  at  a  temperature  far  below  the  ne¬ 
matic  -»■  isotropic  point  to  minimize  the  thermal  con¬ 
tribution.  External  self-focusing  effect  and  also  the 
formation  of  ring  structures  associated  with  SSPM  are 
observed.  Figure  6  is  a  photograph  of  the  transmitted 
(single-shot)  laser  pulse.  A  coincident  cw  He-Ne  la¬ 
ser  also  shows  similar  far-field  diffraction  effects  that 
collapse  back  to  the  original  laser-beam  profile  in 
about  4  or  5  sec,  which  is  the  orientational  relaxation 
time  characteristic  of  the  75-pm  sample  used.7  An 
output-versus-input  plot  also  shows  power-limiting 
behavior  similar  to  that  shown  in  Fig.  3. 
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Abstract— We  present  a  detailed  theoretical  analysis  and  experimen¬ 
tal  study  of  purely  optically-induced  nematic  axis  reorientation  and  the 
associated  nonlinear  optical  processes  such  as  self-phase  modulations 
and  optical  switching.  It  is  shown  that  under  a  sufficiently  intense  laser 
field  (  -100  MW /cm2),  nematic  liquid  crystals  will  respond  in  the 
nanosecond  regime.  Single  nanosecond  laser  pulse  self-phase  modula¬ 
tion  and  intensity  switching  effects  are  observed.  The  magnitude  and 
dynamics  of  the  response  are  in  agreement  with  theoretical  expecta¬ 
tions.  Optical  power  limiting  and  switching  effects  associated  with  self¬ 
phase  modulations  are  also  demonstrated. 


pulse  through  the  medium.  We  have  observed  very  strong 
self-phase  modulation  effects  induced  by  nanosecond  laser 
pulses,  leading  to  external  self-focusing  and  far-field  dif¬ 
fraction  ring  formation  [6],  and  the  related  optical  switch¬ 
ing  and  interesting  off-axis  switching  and  intensity  mod¬ 
ulation  effects. 

II.  Theoretical  Consideration 


I.  Introduction 


A.  Dynamics 


IN  ANALOGY  to  dc  field  induced  effects,  optical  field 
induced  director  axis  reorientations  in  nematic  liquid 
crystal  films  have  given  rise  to  many  interesting  optical 
and  electro-  or  magneto-optical  effects  [1].  The  dynamics 
of  the  optical  process  are  analogous  to  the  dc  (or  low  fre¬ 
quency  ac)  field  effect  [2]  ,  under  low  optical  fields  (up  to 
or  just  above  the  optical  Freedericksz  field  strength),  the 
response  times  of  the  orientation  process  depends  on  the 
characteristic  length  (e.g.,  thickness  and  grating  constant) 
that  influences  the  molecular  torque,  which  in  turn  affects 
the  rise  or  fall  time.  These  response  times  are  typically  in 
the  range  of  milliseconds  to  seconds.  Recently,  Hsiung  et 
al.  [3]  have  investigated  these  reorientation  processes  un¬ 
der  the  combined  influence  of  a  strong  dc  magnetic  field 
and  nanosecond  lasers.  It  was  demonstrated  that  the  liquid 
crystals  will  respond  to  nanosecond  laser  pulses.  The  pro¬ 
cess  is  very  much  in  analogy  to  studies  where  CW  lasers 
are  employed,  in  conjunction  with  a  strong  dc  magnetic 
field  (that  caused  a  dc  Freedericksz  transition  in  the  ne¬ 
matic  film  [4]). 

In  this  paper,  we  present  a  detailed  study  of  the  problem 
where  only  the  optical  field  is  present.  In  analogy  to  the 
CW  laser  case  (5],  it  is  shown  that  director  axis  reorien¬ 
tation  will  occur  only  under  appropriate  geometrical  con¬ 
ditions.  Furthermore,  we  have  calculated  explicitly  the 
magnitude  of  the  reorientation  and  their  contribution  to 
the  self-phase  modulation  of  a  single  nanosecond  laser 


The  dynamics  of  the  reorientation  of  the  nematic  direc¬ 
tor  axis  is  described  by  the  torque  balance  between  the 
torques  created  by  the  optical  field  on  the  liquid  crystal 
and  the  elastic  forces  between  the  molecules.  Consider  a 
plane  polarized  beam  incident  on  a  homeotropically 
aligned  nematic  liquid  crystal  film,  as  shown  in  Fig.  1. 
Ignoring  flow  and  the  inertia  effect,  the  equation  of  mo¬ 
tion  following  the  Ericksen-Leslie  approach  [7]  is  given 
by 


AeEo„ 

8ir 


sin  (2/3  +  26). 


(1) 


In  deriving  (1),  we  have  made  the  one-constant  approxi¬ 
mation  (i.e. ,  the  three  elastic  constants  for  bend,  splay, 
and  twist  are  assumed  to  be  given  by  K  ).  This  assumption 
is  even  better  when  B  and  9  are  small,  which  is  usually 
the  case  in  the  nonlinear  optical  processes  we  are  consid¬ 
ering.  Because  of  the  large  birefringence  of  the  liquid 
crystal,  a  small  change  6  (  -  10":  to  10~5 )  is  sufficient  to 
cause  a  very  large  nonlinear  effect.  In  (1),  y  is  the  vis¬ 
cosity  constant,  Ae  the  optical  dielectric  anisotropy,  and 
E0 p  the  optical  electric  field. 

Under  the  so-called  hard  boundary  condition  0Z  =  O  = 
Qz  =  d  —  0,  0(Z,  r)  to  the  first  approximation  is  a  simple 
sine  wave 
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HZ,  t )  =  T(t)  sin 

where  the  initial  condition  on  T(t)  is  7"(r)/,  =  0  =  0. 

Substituting  (2)  into  (1)  and  integrating  both  sides  of 
the  equation  with  respect  to  z  from  z  -  0  to  c  =  d  yields 
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given  by 

Tnx  =  (2AD)-'.  (8) 

In  explicit  form,  using  (7)  and  (4),  rrist  becomes 

^nsc  — 

y/k 


Fig.  I.  Schematic  of  a  linearly  polarized  laser  beam  propagating  through 
a  homeotropically  aligned  nematic  liqud  crystal  him. 


dT  (2bK  x-K\  „  (\ 6Kb  .  \ 

Jr  V  7  d2y  /  \3iry 

•  T2  +  sin  2/3  ( 3 ) 

*7 

where  we  have  used  the  expansion  sin  (2/3  +  26)  =  sin 
2/3  -  2(sin  2/3 ) 02  +  2(cos  2 0)8  for  small  0. 

In  (3),  b  =  Ac£j^/8ir/C  Using  the  following  defini¬ 
tions 

2bK  „„  t2K 

A  =  — —  cos  2/3 - p— 

7  d‘y 

B  =  — —  sin  2/3 
3jry 

C  =  sin  2/3.  (4) 

T7 

Equation  (3)  can  be  integrated  to  give 
f  dT  f  .  . 


(  — 
J  *  A 


T  _  "  72  +  H 

■4  /I 


where 


0  =  Vi  +  BC/A2. 


For  our  calculation  of  T(t)  (and  therefore  0(/)|  to  be 
valid,  we  require  that  e2AD'  be  much  smaller  than  unity, 
i.e..  the  growth  of  T(t)  in  the  small-signal  regime  is  lin¬ 
ear  in  t.  This  allows  us  to  identify  a  so-called  risetime  rn,c 


/(£„.  0)  ~  JS)  1  +  ^)/(/:(^.p.  0)  -  Ji 


where 


/(£,*,  0)  = 


Notice  that  this  expression  for  rnst  yields  a  risetime  for 
normal  incidence 


(0  =  0).  rnsc(/3  =  0)  = 


-  r2 Id2 


m\A* 

-  ^-cos2/3  j__£*p(/')  Jr'.  (5) 


For  simplicity,  we  shall  assume  that  the  laser  pulse  is 
a  square  pulse  described  by.  Enp  =  0,  r  <  0;  £op(r)  = 
E^.  0  <  t  <  Tp  where  Tn  is  the  pulse  duration.  In  that 
case,  we  obtain  that 
(i)Osrsr, 


_A  {  +  D[{(D  -  \)/(D  +  {))  e24*  -  1) 
T{t)  ~B  [1  +  {(D-{)/{D  +  \))e2An'} 


that  is  in  agreement  with  previous  calculations. 

The  magnitude  of  6,  and  the  risetime  rnsc,  depends  on 
the  optical  field  intensity  (E^)  besides  other  parameters 
(Ac,  K ,  J  and  y).  We  can  separate  the  response  into  two 
distinct  cases: 

1)  El p  «  £2h,  and  2)  £^  »  £?h,  where  £th  is  the 
optical  Freedericksz  transition  field  (£fh  =  4-k2K 
■  Ac-’J-2). 

Case  1):  For  £^,  «  £2h 

1  1 

7"  rise  «  .  n  =  ^  . 


Ac£^,  cos~  0 

4  rK 


For  typical  nematic  parameters,  7  -  0.1  poise,  J  -  100 
/zm  and  K  ~  I0~7  dynes,  one  gets  Tnst  *  7  s. 

In  order  to  have  significant  nematic  reorientation  in  a 
short  time  scale  (e  g.,  as  induced  by  a  nanosecond  laser 
pulse)  it  is  obvious  that  an  optical  field  much  larger  than 
the  Freedericksz  threshold  is  needed.  Consider  therefore 
the  other  case: 

Case  2):  In  this  case,  E^  »  £ ?h. 


COS  20 

4t 

The  disappearance  of  the  elastic  constant  K  from  this 
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expression  reflects  the  fact  that  in  this  high-fleld  regime, 
the  dynamics  of  the  reorientation  is  decided  by  the  torque 
balance  between  the  viscous  force  (characterized  by  the 
viscosity  coefficient  7)  and  the  optical  field;  the  torque 
from  the  boundary  plates  (characterized  by  K  and  d )  is 
negligible  in  comparison  to  the  optical  field. 

For  typical  values  of  7  —  0.1  poise,  Ae  —  0.6  (in  the 
case  of  PCB  (pentyl-cyano-biphenyl)),  an  optical  field 
£op  =  104  statV  /  cm  will  give  a  response  time  rrise  *  20 
ns. 

In  the  short  pulse  regime,  even  though  the  optical  elec¬ 
tric  field  is  much  larger  than  the  Freedericksz  field,  the 
induced  reorientation  angle  8  (for  typical  value  of  £op  used 
in  the  experiment)  is  quite  small.  This  may  be  seen  from 
(7).  Using  the  expansion  e2ADT  *  1  +  2ADt ,  and  D  ~  { 
(1  +  2 BC/52)  for 4 BC/A1  «  1  (i.e.,  0  <  1),  we  ob- 


7X0  ~  jtt  sin  20  f  (14) 

4ir  7  j  — 00 

The  maximum  reorientation  angle  (at  z  =  d/  2  and  for  t 
=  Tp),  is  therefore 

0max  =  2  ZT  Sin  20  ^op Tp-  (  15  ) 

An  interesting  point  about  0max  is  that  it  is  independent  of 
the  elastic  constant  K  and  the  film  thickness  d,  but  de¬ 
pends  on  the  angle  0  between  the  director  axis  and  the 
optical  propagation  vector.  In  this  sense,  one  may  say  that 
nematics  under  the  nanosecond  laser  pulse  excitation  have 
lost  some  of  their  liquid  crystal  characteristics  [i.e.,  no 
dependence  on  K  or  d  in  (15)1,  yet  they  still  retain  the 
correlated  nature  as  reflected  in  the  dependence  on  the 
angle  0  characterized  by  the  director  axis  direction.  For 
an  optical  intensity  of  102  MW  /cm2  (£op  =  103 
statV /cm),  Tp  =  20  ns,  Ae  =  0.6,  and  7  -  0.1  poise, 
*  1.2  X  10-2  rad. 

The  fall  of  the  reorientation  process  is  obtainable  in  a 
trivial  way  from  (1)  by  setting  £op  =  0  and  using  8  from 
(2).  One  gets 

Tu"  =  K(J/d2)  (16) 

which  is  on  the  order  of  102  ms  as  we  estimated  earlier 
(see  (12)  and  the  discussion  that  follows). 

B.  Transverse  Self-Phase  Modulation 
In  the  preceding  discussion,  the  optical  field  is  assumed 
to  be  an  infinite  plane  wave.  We  now  consider  a  more 
realistic  case  where  the  laser  transverse  profile  is  Gauss¬ 
ian,  i.e., 

Zp  -  =  £0  e'2rV*° 

where  k>0  is  the  beam  waist. 

For  a  given  reorientation  0(f),  there  is  an  accompany¬ 
ing  change  in  the  refractive  index  A n(8)  given  by 

A *(/,  z;  r)  =  n(0  +  8(t,  z;  r))  -  n(0)  ( 17) 


where  the  refractive  index  for  the  extraordinary  ray  is 
given  by 


n(0  +  6)  = 


!n\  sin2  (0  +  0)  +  cos2  (0  +  6) 


For  8  «  1 ,  we  get 

An(r,  z,  r)  =  ^in  sjn  20  •  8(t,  z,  r),  ( 19) 

2fiir± 

Correspondingly,  the  laser  acquires  a  transverse  phase 
shift  A 0  ( r,  t )  given  by 

A<f>(r,  r)  =  ^  \  An(r,  z,  r)  dz.  (20) 
A  JO 

Using  (19)  and  (14),  we  get 

A*(r.  t)  =  ~  sin2  20  t  £2p(r,  /')  df. 


Given  the  phase  shift  in  (21),  the  intensity  distribution 
of  the  transmitted  laser  at  a  distance  z  from  the  thin  film 
is  given  by  [8] 

7(r\  z,  r)  =  l0  e~r:/"«  r  dr  J0(2rrr’/\z) 

■  exp  - ik  (yz  +  Jjz)  +  0 


where  w0  is  the  spot  size  and  R  the  radius  of  curvature  of 
the  wave  front  of  the  incident  laser,  r'  is  the  transverse 
coordinate  at  z  from  the  film. 

In  the  case  of  CW  laser  illuminations,  as  has  been 
shown  by  various  groups  [6],  the  resultant  steady-state 
intensity  distribution  will  exhibit  interference  rings,  self- 
focusing,  and  divergence  changes,  etc.  In  the  time-depen¬ 
dent  case,  the  transmitted  laser  pulse  will  experience  a 
time-dependent  divergence  change,  progressively  form¬ 
ing  larger  numbers  of  interference  rings.  The  intensity 
distribution  is  obviously  a  function  of  several  parameters, 
the  most  important  of  which  are  the  incident  laser  beam 
waist  w0,  the  radius  of  curvature  of  the  wavefront  and  the 
nonlinear  time  dependent  phase  shift.  These  detailed  de¬ 
pendences  have  been  analyzed  before  [9]  in  conjunction 
with  our  study  of  transverse  bistability  and  in  a  recent 
detailed  time-dependent  calculation  of  the  transmitted  in¬ 
tensity  distribution  using  (22)  above  [10].  The  calcula¬ 
tions  for  various  ranges  in  values  of  these  parameters  are 
too  detailed  to  be  included  here.  As  an  example,  we  note 
here  a  specific  case  where  the  film  is  situated  just  beyond 
the  focal  spot  of  the  incident  laser  beam  (i.e.,  the  radius 
of  curvature  of  the  incident  laser  is  positive).  As  shown 
in  Fig.  2,  the  transmitted  intensity  distribution  as  a  func- 
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Fig.  2.  The  theoretically  calculated  radial  dependence  of  the  transmitted 
beam  intensities  as  a  function  of  the  input  intensities.  As  the  input  in¬ 
tensity  is  increased  the  laser  beam  diverges  and  interference  sideband 
rings  occur. 

tion  of  time  (or  laser  intensity)  evolves  from  a  single 
Gaussian  to  a  much  diverged  beam  with  interference  side¬ 
band  rings.  This  is  indeed  observed  experimentally. 

III.  Experiment  and  Results 

Fig.  3  schematically  depicts  our  experimental  setup.  A 
^-switched  linearly  polarized  20  ns  Nd :  Yag  second  har¬ 
monic  pulse  (0.53  /zm)  is  lightly  focused  (spot  size  =  (0.5 
mmj2)  on  the  nematic  film.  We  have  experimented  with 
two  kinds  of  nematic  liquid  crystals,  PCB  and  EM  chem¬ 
icals  E46  (which  has  a  nematic  range  from  -9.5  to  88 °C, 
and  has  a  small  thermal  effect).  The  liquid  crystals  are 
homeotropically  aligned  and  75  (im  in  thickness  and  kept 
at  22°C.  The  angle  0  between  the  laser  propagation  and 
the  director  axis  (c.f. ,  Fig.  1)  is  varied  from  0  to  about 
22°.  A  pinhole  is  situated  about  4  m  downstream,  and  in 
conjunction  with  a  fast  photodiode,  monitors  either  the 
on-axis  or  the  off-axis  intensity.  An  almost  coincident  lin¬ 
early  polarized  He-Ne  is  used  to  monitor  the  Nd:Yag 
laser  pulse-induced  lensing  effect.  The  energies  in  the 
laser  pulses  are  varied  up  to  about  6  mj,  at  which  point 
the  sample  shows  signs  of  permanent  damage  (decompo¬ 
sition). 

For  both  samples,  the  observed  self-phase  modulation 
effect  as  a  function  of  0,  dynamics,  etc.  are  very  similar. 
The  discussion  that  follows  pertains  to  our  experiment 
with  PCB  cells. 

Reorientational  effects  are  not  observable  for  0  =  0, 
but  are  easily  observable  for  0  >  0  (0  *  22°).  The  re¬ 
orientation  effect  is  manifested  in  the  increased  diver¬ 
gence  of  the  transmitted  laser  beam  as  well  as  the  for¬ 
mation  of  rings  (c.f. ,  Fig.  4),  and  is  easily  monitored  with 
the  He-Ne  laser  after  each  Nd :  Yag  pulse.  Typically,  the 
He-Ne  laser  will  exhibit  an  “instantaneous”  divergence 
change  and  rings  (similar  to  Fig.  4),  which  collapse  back 
to  the  original  beam  in  about  4  s.  For  the  experimental 
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Fig.  3  Schematic  of  the  experimental  setup  to  observe  self-phase  modu¬ 
lation  effect  associated  with  molecular  reorientation  in  a  nematic  film 
The  He-Ne  laser  is  almost  collinear  with  the  Nd  Yag  laser  and  both 
lasers  are  linearly  polarized 


Fig.  4  Photograph  of  the  transmitted  far-field  intensity  of  the  Nd:Yag 
laser  at  high  power  showing  an  increase  in  divergence  and  the  formation 
of  sideband  rings.  The  asymmetry  in  the  ring  system  is  due  to  input  laser 
azimuthal  asymmetry. 

geometries  ( w0  *  0.5  mm,  d  =  75  pm),  the  orientational 
relaxation  time  is  estimated  to  be  about  4  s,  which  is  in 
excellent  agreement  with  the  experimental  observation. 

As  0  is  decreased  from  a  value  of  22°  towards  0;  the 
divergence  effects  gradually  disappeared.  This  depen¬ 
dence  on  0  is  in  accordance  with  the  theory  and  is  similar 
to  the  reorientational  effect  induced  by  low-power  lasers. 
For  0  =  0,  and  at  a  much  higher  laser  intensity  (laser 
pulse  energy  §5  mj),  thermal  effect  associated  with  the 
change  in  the  ordinary  refractive  index  n0  with  laser  heat¬ 
ing  (i.e. .  dn/dt)  sets  in,  and  is  manifested  also  in  a  di¬ 
vergence  change.  The  dynamics  of  such  effect,  as  moni¬ 
tored  by  the  He-Ne  laser,  is  very  different  from  the 
reorientational  case  (as  has  been  noted  in  recent  studies 
[3],  (1 1]).  The  He-Ne  laser  exhibits  a  relaxation  time  (the 
collapsing  back  of  the  diverged  beam  to  the  original  beam 
profile)  in  a  few  milliseconds.  From  our  previous  study 
[Uj  of  thermal  diffusion  in  PCB.  the  characteristic  ther¬ 
mal  decay  time  is  in  our  present  case  governed  by  the 
thickness  of  the  film  (75  pirn)  which  is  much  smaller  than 
the  laser  beam  waist  (0.5  mm).  Hence,  the  thermal  dif¬ 
fusion  process  is  predominantly  a  one-dimensional  pro¬ 
cess  towards  the  cell  walls  from  the  nematics.  The  char¬ 
acteristic  time  is  therefore  given  by 

r  -  (d2/4iriD) 

where  D  is  the  diffusion  constant  [12J.  Using  D  ~  7.9  x 
10~4  cm2/s~\  d  =  7.5  x  10' 3  cm,  we  get  r  -  1.8  ms, 
which  is  in  accordance  with  the  experimental  observation. 

The  increase  in  divergence  due  to  the  thermal  effect  (at 
0  =  0)  is  also  observed  to  be  much  less  than  the  diver- 
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Fig.  5.  (a)  Experimentally  observed  on-axis  detected  laser  energy  as  a 
function  of  input  laser  energy  showing  enhancement  of  the  on-axis  power 
due  to  external  self-focusing  effect,  the  occurrence  of  a  dip  in  the  inten¬ 
sity  and  power-limiting  behavior  at  higher  input  powers,  (b)  Oscillo¬ 
scope  trace  of  the  transmitted  laser  pulse  at  8  =  0  (laser  pulse  energy 
-  I  mj).  (c)  Oscilloscope  trace  of  the  transmitted  laser  pulse  at  0  =  22° 
(laser  pulse  energy  -  1  mj) 


Fig  6  Oscilloscope  trace  of  the  power  detected  on  an  off-axis  location 
showing  an  initial  switch  on  (due  to  the  increased  divergence  of  the  laser) 
followed  by  oscillations  due  to  the  interference  rings  moving  out  from 
the  central  region.  The  total  detected  power  includes  some  (side-scatter¬ 
ing)  background  contribution  from  the  input  laser,  which  explains  why 
the  oscillation  modulation  is  not  unity.  (Horizontal  time  scale  is  50 
ns/division  ) 


gence  associated  with  the  reorientational  effect  at  3  = 
22°.  In  the  former  case,  the  divergence  change  is  about 
two  to  three  times  the  laser  original  divergence  (with 
hardly  any  ring).  On  the  other  hand,  in  the  latter  case,  the 
induced  divergence  (even  at  a  smaller  laser  intensity)  is 
about  ten  times  larger,  accompanied  by  many  side  inter¬ 
ference  rings  (typically  more  than  four  or  five  rings  are 
observed,  c.f..  Fig.  4  of  the  transmitted  Nd :  Yag  pulse). 
A  corresponding  number  of  rings  are  observed  in  the 
transmitted  He-Ne  laser. 


Fig.  5  is  the  on-axis  power  (versus  the  input  laser 
power)  as  monitored  by  the  detector.  It  shows  a  remark¬ 
able  resemblance  (which  is  expected)  to  that  observed  with 
CW  laser.  As  the  self- focusing  effect  intensifies,  the 
transmitted  beam  experiences  a  secondary  focusing  effect, 
leading  to  enhanced  divergence  at  the  detector  plane,  and 
a  corresponding  decrease  in  the  on-axis  power.  This  effect 
has  found  applications  in  the  construction  of  passive/op¬ 
tical  power  limiters  [13].  Fig.  5(b)  and  (c)  are  oscillo¬ 
scope  traces  of  the  on-axis  detected  power  for  two  differ¬ 
ent  angles  3-  For  3  =  0,  where  there  is  no  orientational 
effect,  the  output  detected  pulse  is  similar  to  the  input 
laser  pulse.  On  the  other  hand,  when  reorientational  effect 
sets  in  (e.g.,  for  3  =  22°),  the  detected  on-axis  pulse  is 
much  smaller  in  amplitude.  This  region  of  diminished 
output  versus  input  behavior  occurs  at  an  incident  laser 
energy  of  >1  mJ  (c.f.,  Fig.  5). 

The  switching  of  the  on-axis  power  to  the  off-axis  lo¬ 
cation  can  be  more  directly  monitored  with  the  detector 
situated  at  about  3»vo  from  the  beam  axis.  Fig.  6  shows  a 
typical  detected  pulse  when  self-focusing  and  diverging 
interference  rings  occur.  The  small  detected  nonoscilla- 
tory  signal  comes  from  background  scattering  from  the 
nematic  films  whose  time  evolution  resembles  the  inci¬ 
dent  laser  pulse. 

The  later  part  (after  about  10  ns)  of  the  detected  off- 
axis  laser  pulse,  however,  shows  that  the  power  switched 
up  to  a  high  value,  followed  by  oscillations  associated 
with  the  diverging  rings.  About  5  rings  are  observed,  cor¬ 
responding  to  about  the  same  number  of  spatial  rings  ob¬ 
served  on  the  detector  plane.  The  occurrence  of  these  os¬ 
cillations  is  the  temporal  equivalence  of  the  spectral 
broadening  effects  observed  in  other  self-phase  modula¬ 
tion  studies  [14].  In  an  approximate  way  [6],  one  can  as¬ 
cribe  a  maximum  phase  shift  difference  of  2t(  N)  between 
the  central  maximum  intensity  point  (r  =  0,  /  =  /0)  and 
the  radial  wing  (r  »  w0,  /  ~  0),  where  N  is  an  integer. 
From  expression  (20),  the  maximum  phase  shift  can  be 
calculated  using  the  data:  (1  mJ  pulse  in  20  ns  on  (0.5 

mm)2  area)  =  3  x  103  statV/cm  (intensity  of  2  x  10s 
W/cm2).  This  gives  6  -  2.4  x  10" 1  rad,  and  therefore 
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a  An  -  0.48  x  10"'.  The  corresponding  phase  shift  is 
2t  (7),  i.e.,  about  7  rings  are  expected.  This  is  in  good 
agreement  with  the  experiment. 

IV.  Conclusion 

We  have  presented  a  study  of  the  theory  of  purely  op¬ 
tical  field  induced  molecular  reorientation  in  a  nematic 
film  in  the  nanosecond  regime,  as  well  as  experimental 
results  of  the  self-phase  modulation  effects  associated  with 
the  reorientational  nonlinearity.  In  the  10*  W/cm2  re¬ 
gime.  it  is  shown  that  the  nematics  could  respond  to 
nanosecond  laser  pulses  for  nonvanishing  angle  between 
the  laser  beam  propagation  and  the  director  axis.  The 
boundary  torques  from  the  cell  walls  play  an  insignificant 
role  in  the  turn  on  process  although  the  overall  highly  cor¬ 
related  nature  of  the  nematic  phase  (as  characterized  by 
the  director  axis  direction  and  the  dependence  of  the  non¬ 
linearity  on  0)  still  does.  We  have  also  experimentally 
observed  self-focusing  (in  the  form  of  an  increased  diver¬ 
gence  of  the  far-field  transmitted  intensity),  optical 
switching,  and  other  self-phase  modulation  effects.  The 
experimentally  observed  divergence,  spatial  rings,  re¬ 
sponse  times,  and  magnitude  of  the  reorientation,  etc.  are 
in  good  agreement  with  theoretical  expectations. 
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We  present  a  detailed  theoretical  calculation,  with  experimental  verification,  of  the  nonlocal  molecular  reorienta¬ 
tion  of  the  nematic-liquid-crystal  director  axis  induced  by  a  cw  Gaussian  laser  beam.  The  natures  of  the  torque 
balance  equations  and  the  solutions  are  significantly  different  for  normally  and  nonnormally  incident  laser  beams. 
The  nonlocal  effects  resulting  from  molecular  correlation  effects  are  particularly  important  for  laser  spot  sizes  that 
are  different  (smaller  or  larger)  from  the  sample  thickness.  Experimental  measurements  for  the  transverse 
dependence  of  the  molecules  and  the  dependence  of  the  Freedericksz  threshold  as  a  function  of  the  laser  beam  sizes 
are  in  excellent  agreement  with  theoretical  results.  We  also  comment  on  the  effect  of  these  nonlocal  effects  on 
transverse  optical  bistability. 


INTRODUCTION 

Studies  of  optical-field-induced  molecular  reorientations  in 
the  nematic  phase  of  liquid  crystals  have  revealed  interest¬ 
ing  nonlinear  effects  of  both  fundamental  and  applied  sig¬ 
nificance.1  Earlier  studies  by  several  groups  have  revealed 
the  extraordinarily  large  optical  nonlinearity  that  can  be 
induced  with  relatively  modest-power  lasers,2  and  recent 
studies  have  shown  the  possibilities  of  utilizing  these  nonlin¬ 
ear  effects  in  optical  bistabilities  and  wave-mixing  process¬ 
es.3  A  particularly  salient  point  of  nematic  response  to  an 
optical  field  is  the  strong  correlation  among  the  molecules. 
This  correlation  is  manifested  in  the  existence  of  molecular 
elastic  torques  within  the  bulk  nematics  and  from  cell 
boundaries.  This  results  in  a  so-called  nonlocal  response  of 
the  nematics  to  a  laser  of  finite  beam  size,  i.e.,  the  transverse 
dependence  of  the  molecular  reorientation  angle  exhibits  a 
width  that  is  in  general  different  from  the  width  of  the  laser 
beam.  This  problem  has  been  treated  briefly  by  several 
workers  in  various  contexts.4  5 

In  these  studies,  however,  either  physically  unrealistic 
assumptions  (such  as  assuming  that  the  laser  transverse 
beam  profile  is  a  rect  function)  are  made  or  the  treatments 
are  too  qualitative  (they  apply  to  only  one  particular  geome¬ 
try).  In  some  nonlinear  optical  processes,  e.g.,  transverse 
self-phase  modulations,  self-focusing  effects,  and  bistabili¬ 
ty,6-'  a  more  exact  description  of  the  transverse  spatial  de¬ 
pendences  of  both  the  laser  beam  and  the  nematic  reorienta¬ 
tion  are  required. 

In  a  recent  study8  we  presented  a  calculation  for  the  case 
of  a  linearly  polarized  laser  incident  obliquely  upon  a  nemat¬ 
ic  film  (i.e.,  where  the  laser  propagation  wave  vector  makes  a 
finite  angle  with  the  director  axis).  We  showed  that,  under 
physically  reasonable  assumptions  (e.g.,  all  the  angles  in¬ 
volved  are  small),  the  torque  balance  equations  lend  them¬ 
selves  to  analytical  solutions.  Some  transverse  depen¬ 
dences  of  the  reorientation  as  a  function  of  cell  geometry  and 
optical  director-axis  configurations  were  discussed. 
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In  this  paper  we  present  several  new  aspects  of  this  prob¬ 
lem.  They  include  an  experimental  confirmation  of  the 
theoretical  results  for  the  oblique-incidence  case  as  well  as 
the  theory  for  the  reorientation  of  normally  incident  lasers 
(i.e.,  when  the  laser  polarization  is  orthogonal  to  the  director 
axis  of  the  nematic  film)  and  experimental  results  for  the 
observed  Freedericksz  transition  field  and  broadened  (or 
narrowed)  radial  dependence. 

THEORY 

Consider  the  problem  of  a  linearity  polarized  laser  incident 
upon  a  homeotropically  aligned  nematic  film,  as  shown  in 
Fig.  1.  We  shall  limit  our  discussion  to  the  case  in  which  8  < 
0  <  1,  for  the  sake  of  simplicity  as  well  as  for  practical 
considerations  (because  in  general  a  small  reorientation  6 
will  contribute  to  a  rather  large  change  in  the  optical  refrac¬ 
tive  index  for  nonlinear  effects  to  manifest).  Since  the  theo¬ 
retical  results  for  the  3  /  0  case  have  been  discussed  before, 
we  will  discuss  here  the  theoretical  calculation  for  the  case  0 
=  0. 

In  general,  the  free-energy  density  of  the  system  consists 
of  the  terms  from  the  three  elastic  torques  (bend,  splay,  and 
twist)  and  the  optional  torque.  The  free-energy  density 
term  Fj  associated  with  the  bending  distortion  is  given  by 

f,  =  y<V-n)J 

ki  -i 

=  —  (cos  8  cos‘  00 r~  —  2  sin  0  r os  8  cos  08r9. 

+  sin2  86^),  (l) 

where  fe]  is  the  elastic  constant  for  bending,  0  is  the  azi¬ 
muthal  angle,  z  the  direction  of  propagation  of  the  laser  that 
coincides  with  the  unperturbed  director  axis,  and  8r  and  0, 
are  the  derivatives  of  8  with  respect  to  r  and  to  z,  respective¬ 
ly- 
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Fig.  1.  A  linearly  polarized  laser  beam  incident  upon  a  homeo- 
tropically  aligned  nematic-liquid -crystal  film. 

The  free-energy  density  term  associated  with  twist  is  giv¬ 
en  by 


kn  .  n 

F2  =  ^(V.VXn)2  =  ^sin2< 
z  z 

and  that  associated  with  splay  is 


0r\ 


(2) 


F3  =  y  (V  X  V  X  n)2 

=  (sin  8  sin  <t>  cos  8  cos  4>6r  —  cos2  8  cos  <t>81 

-  sin  6  cos  88 r)2  +  (cos  <t>  sin  8  cos  8  cos  <t>81 

+  cos  <t>  sin2  8dr  +  sin  8  sin  <j>  cos  8  sin  <p8z)2 

+  (cos2  6  sin  4x8  7  +  sin  8  cos  <p  cos  8  sin  4x8  A2,  (3) 

where  fe2  and  fe3  are  the  elastic  constants  for  twist  and  splay, 
respectively. 

The  total  free  energy  of  the  system  associated  with  the 
elastic  forces  is  therefore  given  by 

Fe  =  j! rdrdZ  j  <F{+  F2  +  F3)d<t> 


=  jjrdrdZ|[F,(r)  +  F2(r)  +  F3(r)|, 

where  Fi(r),  F2(r),  and  F3(r)  are  given  by 
k 

F,(r)  =  j  (cos2  88  2  +  2  sin2  88/), 

k2  o 

F2(r)  =  j8r\ 

k 

F3(r)  =  (2  cos2  80/  +  sin2  88/). 


(4) 


(5) 


(6) 


(7) 


On  the  other  hand,  the  free-energy  term  arising  from  the 
optical  torque  is  given  by 
-At 


FAr) 


8k 


<  JtiE0/(r )sin2  6. 


(8) 


The  significance  of  the  factor  (r  L/V)  in  Eq.  (8)  was  first 
pointed  out  by  Csillag  et  at.4  and  arises  simply  from  taking 
into  account  carefully  the  electrodynamics  of  laser  propaga¬ 
tion  in  a  birefringent  medium.4'59  In  Eq.  (81,  <x  and  t/,  are 
the  optical  dielectric  constants  for  fields  perpendicular  and 
parallel  to  the  director  axis,  respectively: 

At  =  (  -  t , . 


(9) 


The  total  free  energy  of  the  system  is  given  by 

f  =  ||  rdrdz|[F,(r)  +  F2(r )  +  F3(r)  +  F4(r)]l. 

A  minimization  of  the  free  energy  of  the  system  with 
respect  to  8  gives 


1  (K\  +  ±  (*L\ 

dr  \ddr)  dZ  \d8z) 


-*1  =  0, 
de 


where 


(10) 


(11) 


/  =  r(F,(r)  +  F2(r)  +  F3(r)  +  F4(r)]. 

This  gives,  finally,  after  some  lengthy  and  straightforward 
calculation,  the  torque  balance  equation 

[(/f,  -  K,)sin2  8  +  K3]0„  +  %(K,  -  tf3)sin  28(8  f 
+  E2(r) sin  28  +  ^  |(K,  -  Ks) cos2  9  +  K3  +  K2\8rr 

07T  Z 


+  V4(K,  -  K,)sin  29(0r)2  +  (K,  -  K3) cos2  8 
+  K2  +  K3)8rl2r  =  0. 


(12) 


Even  for  the  case  of  an  infinite  plane  optical  wave,  Eq.  (12) 
is  extremely  difficult  to  solve.  A  more  meaningful  and  phys¬ 
ically  more  insightful  approach  is  to  make  a  so-called  one- 
constant  approximation  (i.e.,  ~  K2  *  K$  *  K).  Second,  in 

the  tirst-order  approximation,  the  dependence  of  8  on  z  is  a 
simple  sine  wave,  i.e.,  we  assume  that  8(r,  z)  is  of  the  form10 


8(r,  z)  =  /?(r)sin 


(?)' 


(13) 


which  obeys  the  hard-boundary  condition  0(r,  z)  =  0  at  z  =  0 
and  at  z  =  d.  In  that  case,  F\,  Fj,  and  F3  from  Eqs.  (1),  (2), 
and  (3)  add  up  and  contribute  to  the  total  elastic  free  energy 


1  =  2irk  (  dz  |  rdrj  ^  (8  2  +  8 /  . 


rK 
r  — 
2 


(14) 


while  the  optical  free-energy  density  term  remains  un¬ 
changed.  The  total  free  energy  is  therefore 


?'  =  2w  f  dz  rdr  1  (8, 
Jo  Jo  L  2 


2  +  0/)  -  ~  Fop2(r)sin2  8 


(15) 


In  the  case  of  a  Gaussian  laser  beam,  E„p2(r)  is  given  by 

£op2(r)  =  EopV<  (16) 

where  a  =  2/u>02  and  u’o  is  the  beam  waist.  Using  Eqs.  (16) 
and  (13)  in  Eq.  (15),  and  using  sin2  B  ~  92  -  8*/ 3,  we  get, 
finally, 


F1  =  7r  k  —  I  rdr 

2  Jo 


<d  R/ir)':  +  +  R: 


.  AtF  - 


} 


(17) 


The  minimization  of  the  integrand  in  Eq.  (17).  denoted  as 
HR'.  R ),  gives 

d^ 
dr  I 


1 N 


ra/(F;,F)_d/(fl^-|=  (lg) 

OR'  dR 


>>>>1 
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R"  +  j  +  ^be'ar2  -  ^jjft  -  |  e-^R3  =0,  (19) 

where  b  =  (A</4irk)£0p2  and  the  boundary  conditions  on  R 


ft'(  0)  =  0, 

«(*=)  =  0.  (20) 

In  Eqs.  (17M19),  R'  =  dR/dr  and  R "  =  <3 2R/dr2. 

Equation  (19)  is  an  interesting  nonlinear  equation  in  R(r). 
The  occurrence  of  the  cubic  term  (aft3)  is  due  to  our  expan¬ 
sion  of  sin  0  to  third  order  in  8  [see  the  sentence  just  before 
Eq.  (17)],  and  its  inclusion  is  necessary  for  a  nonvanishing 
solution  of  ft.  In  analogy  to  the  infinite  plane-wave  case,  a 
nonvanishing  value  of  ft  occurs  only  if  the  optical  field  ex¬ 
ceeds  a  threshold  value.  In  the  infinite  plane  wave,  approxi¬ 
mately  (a  =  0),  the  threshold  field  is  well  defined  by  the 
relation 

6th  =  rr2/d2(Eth2  =  4w3K&rld~2). 

However,  in  the  present  case,  because  of  the  Gaussian  func¬ 
tion  e~arl  attached  to  the  optical-field  square  amplitude 
E0 p2,  the  equation  for  ft(r)  clearly  breaks  up  into  two  distinct 
regions:  one  region  (region  I)  corresponds  to  the  square- 
bracketed  term  in  Eq.  (19)  being  positive,  while  the  other 
(region  TI)  corresponds  to  the  term  being  negative.  Further¬ 
more,  since  the  molecules  outside  the  laser  beam  exert  tor¬ 
ques  on  those  in  the  central  region  of  the  beam,  in  competi¬ 
tion  or  conjunction  with  the  torque  from  the  cell  walls,  the 
so-called  threshold  field  also  obviously  depends  on  the  laser 
beam  waist. 

It  is  instructive  to  compare  Eq.  (19),  derived  under  the 
condition  that  0  =  0,  with  the  equation  governing  the  radial 
function  for  0  ^  0  derived  previously.  We  denote  the  reori¬ 
entation  angle  9(r,  Z)  for  the  case  0  ^  0  as  9(r,  Z)  = 
fti(r)sin(irZ/d),  then  fti(r)  obeys  the  equation 

ftj"(r)  +  y  + 1^6  cos  2de-a|J  -  ^Jjft,  +  |  e™*  sin  20  =  0. 


Equation  (21)  contains  a  so-called  “bias”  term  b!2e~arl  sin  20, 
i.e.,  there  is  a  nonvanishing  torque  exerted  initially  by  the 
optical  field  on  the  director  axis.  Optically  induced  reorien¬ 
tation  is  therefore  possible  for  any  finite  value  of  Eof).  As  a 
result  of  this  difference  between  the  0  =  0  case  and  the  0^0 
case,  the  nonlocal  dependences,  which  are  manifested  in  the 
form  of  differences  between  the  width  of  the  laser  beam  and 
the  width  of  9(r),  are  quite  different  for  the  two  cases. 
In  the  case  of  0  ^  0,  the  width  of  0(r)  is  always  larger  than  w0, 
but  for  the  0  =  0  case  the  width  can  be  greater  or  less  than  w0, 
depending  on  the  laser  beam  waist  compared  with  the  thick¬ 
ness  of  the  film. 

As  was  shown  previously,8  there  is  a  closed-form  solution 
to  Eq.  (21).  Equation  (20),  however,  does  not  yield  any 
meaningful  closed -form  solution,  but  it  can  be  readily  solved 
numerically.  In  the  next  two  sections,  we  discuss  some  of 
the  salient  points  of  the  nonlocal  dependence  for  the  0  =  0 
case.  We  then  also  recall  the  counterpart  results  for  the  0  ^ 
0  case  and  compare  these  results  with  our  experimental 
observations. 


NUMERICAL  RESULTS 

Numerical  results  for  ft(r)  are  obtained  for  a  large  range  of 
values  of  w0  (measured  with  respect  to  the  thickness  of  the 
sample  d). 


0.010  0015 


0.000  0.005  0010  0.015  0.020  0.025  0.030 


Fig.  2.  (a)  Solution  of  the  reorientation  transverse  profile  R(r)  for 

the  case  wa/d  =  0.4  [ic0  =  40  am.  d  =  100  am];  (b)  R(r)  for  uo/d  =  1; 
(c)  R(r )  for  wjd  =  2.  For  all  d  =  0.  d  =  0.01  cm. 


i 
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In  the  d  =  0  case,  director-axis  reorientations  do  not  occur 
until  the  central  maximum  intensity  1(0)  =  (nc/4ir)£op2  is 
greater  than  the  Freedericksz  threshold  intensity  [i.e.,  for  b 
>  6th'°>,  where  6thtm  =  (Ae/8irfe)£lh2].  The  values  of  b  for 
which  9  5*  0  occurs  depend  on  u>o. 

Figures  2(a),  2(b),  and  2(c)  show  the  typical  dependence  of 
R(r)  for  w0/d  =  0.4,  w0/d  =  1,  and  wo/d  =  2,  respectively.  In 
general,  the  director  reorientations  occur  only  after  the  inci¬ 
dent  optical  electric  field  is  well  above  the  threshold  field 
(which  we  shall  discuss  presently).  The  important  point 
about  Figs.  2(a)— 2(c)  is  that  the  width  of  R(r)  (which  is 
measured  by  the  e-2  point;  even  though  the  curve  is  not  a 
Gaussian  this  somewhat  arbitrary  approach  gives  us  a  mea¬ 
sure  of  the  width  of  the  curve)  with  respect  to  the  incident 
laser  beam  width  is  clearly  dependent  on  the  laser  beam 
width  relative  to  the  thickness  of  the  sample.  As  shown  in 


Fig.  3.  Plot  of  the  width  w o  of  R(r)  as  a  function  of  the  ratio  of 
incident  laser  beam  waist  to  the  thickness  of  the  film  (wo/d).  Cir¬ 
cles  are  experimentally  observed  points,  (f?  =  0.) 


w./<j 

Fig.  4.  Plot  of  the  theoretically  predicted  threshold  intensity  /,h  at 
which  reorientation  occurs  versus  u-Jd.  The  value  /""  corresponds 
to  the  case  involving  an  infinite  plane  wave  Id  =  0).  Circles  are 
experimentally  observed  points. 


w„/d 

Fig.  5.  Plot  of  the  width  of  the  reorientation  transverse  profile  w>/ 
u>n  versus  wjd  for  the  case  3^0  (from  previous  calculations  in  Ref. 
6).  Circles  are  experimentally  observed  points. 

Fig.  2(a),  where  wjd  =  0.4,  the  width  of  R(r )  (denoted  as  w») 
is  larger  than  the  incident  laser  beam  width  wo-  On  the 
other  hand,  Fig.  2(c)  shows  that  for  wjd  =  2,  one  finds  w #  to 
be  less  than  tp0 

This  variation  of  wjw0  with  wjd  is  plotted  in  Fig.  3,  which 
shows  this  trend,  i.e.,  the  value  of  wjwn  drops  off  monotoni- 
cally  from  being  larger  than  unity  (for  wjd  <  1)  to  smaller 
than  unity  (for  wjd  >1).  At  wjd  ~  1,  we  have  wjwg  ~  )• 

As  we  mentioned  earlier,  as  a  result  of  the  significant 
elastic  torque  from  molecules  surrounding  the  laser  beam 
(besides  the  boundary  elastic  torque),  the  field  required  to 
create  finite  molecular  reorientation  (which  we  shall  denote 
6,h)  is,  in  general,  larger  than  that  associated  with  infinite- 
beam-size  lasers.  Figure  4  shows  a  plot  of  the  value  of  bt h  for 
which  nonzero  reorientation  d(r )  occurred.  As  a  function  of 
wjd,  we  note  that  6th  -*  6th10’  for  w o  »  d. 

For  the  case  d  ^  0,  there  is  no  threshold  field;  the  solution 
of  Eq.  (21)  shows  one  other  main  difference,  namely,  that  the 
width  of  the  response  R](r)  is  always  larger  than  the  laser 
beam  width.  Figure  5  is  a  plot  of  wjwa  versus  wjd  from  the 
numerical  results  obtained  from  our  previous  study.  For 
wjd  =  2,  for  example,  one  gets  wjwn  ~  1.5  for  the  d  e4  case. 
On  the  other  hand,  for  the  3  =  0  case,  we  get  wjwa  ~  0.7. 

EXPERIMENTS 

The  transverse  dependence  of  the  molecular  reorientation 
and  the  associated  transverse  dependence  of  optical  refrac¬ 
tive-index  change  on  the  laser  spot  size  play  a  crucial  role  in 
nonlinear  processes  involving  the  nonlinear  (intensity- 
dependent)  transverse  phase  shift.  In  self-phase  modula¬ 
tion.  and  in  transverse  optical  bistability,  the  observed  effect 
depends  both  on  the  size  of  the  laser  beam  and  on  the 
detailed  index  profile  change.  These  concerns  motivate  our 
experimental  verifications  of  the  preceding  theoretical  re¬ 
sults. 

Figure  6  is  a  schematic  of  the  experimental  setup  to  mea¬ 
sure  the  reorientation  profile.  The  nematic  liquid  crystal 
used  is  a  homeotropically  aligned  100-pm-thick  EM  chemi- 
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cal  E46  sample  at  22°C.  E46  has  a  Ac  of  0.7,  a  nematic  range 
from  -9.5  to  88°C,  and  little  (negligible)  thermal  effect  at 
the  Ar  laser  5145-A  line.  The  Ar  laser  is  linearly  polarized 
and  focused  onto  the  liquid  crystal.  The  beam  waist  of  the 
Ar  laser  on  the  liquid  crystal  is  monitored  with  a  knife  edge 
mounted  on  another  translator  (not  shown).  The  translator 
shown  in  the  figure,  with  a  0.5-Mm  resolution,  translates  the 
He-Ne  probe  beam.  Both  the  He-Ne  and  the  Ar  lasers 
experience  a  self-phase  modulation  effect  associated  with 
the  transverse  phase  shift  caused  by  the  molecular  reorien¬ 
tation  (induced  by  the  Ar*  laser).  These  self-phase  modula¬ 
tion  effects  are  manifested  in  the  form  of  an  increased  diver¬ 
gence  and  appearance  of  interference  rings  of  the  laser 
beams  at  the  screen  (placed  5  m  away  from  the  sample). 

The  liquid-crystal  film  is  oriented  such  that  0  assumes  a 
value  of  either  0°  or  22°  with  respect  to  the  Ar  laser  beam 
direction. 

The  results,  as  shown  by  the  experimental  data  points  in 
Figs.  3-5,  show  a  remarkable  agreement  with  theoretical 
calculation.  The  measured  widths  of  the  radial  reorienta¬ 
tion  profile  Wh  (relative  to  two)  versus  the  waist  (relative  to 
the  thickness  d)  are  of  the  order  of  unity  for  wjd  ~  1  and 
decrease  as  w 0  increases  (cf.  Fig.  3)  in  the  case  of  3  =  0.  On 
the  other  hand,  for  0  ^  0,  as  shown  in  Fig.  4,  the  experimen¬ 
tal  measured  width  is  always  greater  than  the  laser  beam 
waist  w o  for  all  values  of  m0;  we  approaches  wo  for  large  values 
of  u- o 

As  is  shown  in  Fig.  5,  the  experimentally  observed  thresh¬ 
old  field  dependence  on  wjd  also  follows  the  theoretical 
prediction.  For  E46,  a  100 -^m  sample  has  a  Freedericksz 
transition  field  intensity  of  200  W/cm2  (using  the  values  Ac  = 
0.3,  K  ~  10"’,  d  =  0.01  cm,  and  n  *  nv  *  1.5).  For  large 
values  of  wjd  (for  example,  wjd  >  5),  the  observed  thiesh- 
old  field  approaches  this  value.  However,  as  the  incident 
laser  beam  size  decreases  to  a  value  comparable  with  the 
thickness  d  or  less,  the  threshold  optical  intensities  increase 
dramatically.  At  wt)  ~  d,  the  threshold  intensity  increases 
by  almost  an  order  of  magnitude.  In  general,  the  experi¬ 
mentally  observed  relative  increase  of  the  threshold  field  is 
slightly  larger  than  the  theoretical  value,  probably  because 
of  a  systematic  difference  between  the  experimental  obser¬ 
vation  of  the  onset  of  reorientation  (by  the  appearance  of  the 
self-focusing  effect  on  the  exit  Ar*  laser  beam)  and  also 


translator 


Fik  (i.  Experimental  setup  for  measuring  the  width  of  the  director 
axis  reorientation  induced  by  a  (laussian  laser  beam  BS.  beam 
-plitter.  I.,  lens.  I.C,  liquid  crystal  film 
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Fig.  7.  (a)  Transverse  optical  bistability  for  the  case  A  =  22°, 

showing  how  the  switching  changes  as  the  width  of  the  reorientation 
profile  is  varied.  Curve  I:  width  of  «(r)  =  laser  width,  i.e..  local 
response;  curve  II:  width  of  fl(r)  =  1.. '5-laser  width;  curve  HI:  width 
of  W(r)  =  2-laser  width;  curve  IV:  width  of  H(rl  =  4-laser  width.  <b) 
Transverse  optical  bistability  for  the  case  A  =  0°.  Curve  1:  local 
response,  width  of  W(r)  =  laser  width;  curve  II:  width  of  t'( r I  =  1/2 
laser  width  showing  markedly  different  switching  characteristics. 

because  of  an  error  in  the  spot-size  measurement.  Never¬ 
theless,  the  overall  dramatic  dependence  of  the  threshold 
intensities  on  the  beam  waist  is  conclusively  demonstrated 
in  Fig.  5. 

FURTHER  REMARKS 

The  observed  (experimentally  and  theoretically)  broadening 
or  narrowing  of  the  response  of  the  nematic  reorientation 
could,  and  should,  be  taken  into  account  in  the  study  of 
nonlinear  transverse  optical  effects  involving  a  focused 
beam.  We  end  this  section  with  reference  to  transverse 
optical  bistability,  which  recently  has  received  considerable 
attention. 

Figure  7(a)  (calculated  using  the  technique  developed  in 
Ref.  7)  shows  what  would  happen  to  the  output  versus  input 
bistability  (of  the  transmitted  on-axis  laser  intensity)  for 
various  laser  beam  sizes  in  comparison  with  the  thickness  of 
the  film  for  the  case  A  =  22°  Although  the  switch-down 


120  J  Opt.  Soc.  Am.  B/Vol.  4,  No.  2/February  1987 


Khoo  et  al. 


intensities  do  not  seem  to  vary  much,  the  switch-up  intensity 
increases  by  about  60%  as  the  laser  spot  size  is  decreased 
from  d  to  d/4.  The  point  to  note  about  this  exercise  is  that 
in  extrapolating  the  observed  switching  intensities  for  a 
large-sized  beam  to  smaller  beams  (presumably  for  some 
integrated -optics  consideration)  these  nonlocal  effects 
should  be  properly  accounted  for.  For  d  =  0,  the  fact  that 
the  observed  width  of  R (r)  is  in  general  smaller  than  the  laser 
beam  waist  is  also  interesting.  Figure  7(b)  shows  a  compari¬ 
son  of  the  switching  characteristics  for  the  case  when  the 
induced  index  profile  is  smaller  than  the  incident  laser 
beam's  waist  with  the  case  when  the  nonlocality  is  ignored. 
Both  the  switching  intensities  and  the  bistability  loops  are 
dramatically  different.  A  detailed  account  of  this  case  is 
clearly  outside  the  context  of  this  paper  and  is  reserved  for  a 
lengthy  future  publication  on  transverse  bistability. 

CONCLUSION 

We  have  presented  a  quantitative  theoretical  and  experi¬ 
mental  study  of  the  transverse  dependence  of  the  nematic 
axis  reorientation  induced  by  an  optical  field.  For  most 
geometrical  configurations,  there  are  significant  nonlocal 
effects,  which  are  experimentally  confirmed.  Similar  ef¬ 
fects  are  expected  in  any  diffusive  type  of  optically  induced 
nonlinearities  (e.g.,  thermal  and  solid-state  electronics)  and 
are  particularly  pronounced  when  the  laser  beam  sizes  are 
smaller  than  the  characteristic  lengths  (sample  thickness, 
thermal  diffusion  length,  electron-hole  recombination 
length,  etc.).  In  studies  of  transverse  nonlinear  optical  ef¬ 
fects,  such  as  self-phase  modulation,  self-focusing,  and  opti¬ 
cal  switching  (passive  optical  limiting  or  optical  bistability), 
these  nonlocal  effects  must  be  accounted  for  appropriately. 
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Abstract 

We  present  here  further  analytical  results  for  the  fundamental  mechanisms  of  bistable 
transverse  intensity  distribution  of  a  Gaussian  laser  beam  after  its  passage  through  a 
thin  nonlinear  medium.  We  have  derived  explicit  analytical  expressions  for  the  transmitted 
intensity  distribution  in  the  case  where  the  beam  undergoes  only  self-phase  modulation 
effects  and  where  a  single  reflection  feedback  is  present.  The  geometrical  conditions  for 
bistable  optical  switching,  the  dependences  on  various  geometrical  and  laser  parameters 
for  both  positive  and  negative  nonlinearities  ,and  the  effect  of  saturation , are  discussed. 

In  tro  du  c  tion 

Recently,  a  new  class  of  so-called  cavitv-less  optical  bistability  phenomenon  has 
received  considerable  attention.  In  particular,  Kaplan^has  proposed  several  schemes  for 
optical  bistability  utilizing  the  self-focusing  process,  in  conjunction  with  a  single 
reflection  feedback.  A  detailed  theory-?  with  experimental  observations  for  the  case  of 
"weak"  or  "external"  self  focusing  involving  a  nonlinear  thin  film  has  recently  been 
described . 

In  this  paper,  we  present  further  new  analytical  results  for  this  type  of  optical 
bistability,  which  originates  from  the  transversely  dependent  nonlinear  phase  shift 
experienced  by  a  Gaussian  laser  beam  in  traversing  the  nonlinear  thin  film.  We  generalize 
the  theoretical  consideration  to  both  positive  and  negative  nonlinearities  (i.e.  for 
n ,  0  and  for  n2  <  0)  and  derive  explicit  expressions  for  the  conditions  for  bistable 

operation.  The  theory  presented  here  should  be  applicable  to  all  nonlinear  thin  film, 
and  in  particular,  solid-scate  thin  films  which  appear  to  be  the  best  candidate  for 
optical  processing  applications. 

Theory 

The  configuration  for  the  observation  of  cransverse  intensity  bistability  is 
schematically  depicted  in  Figure  1.  A  cw  laser  with  a  curvature  R,  incident  on  the 
nonlinear  thin  film  (where  the  laser  beam  waist  is  „  )  is  reflected  after  passage  t’.ivov....,h 
the  film  and  a  lens  back  onto  itself.  The  transmission  through  the  mirror  is  monitored 
bv  a  pin-hole  placed  at  various  radial  positions  from  the  axis  of  the  beam.  The  refractive 
index  change  induced  on  the  film  is  of  the  form 

in  =  n2  I  (r)  (1) 

where  I  (r)  is  the  optical  intensity  at  the  film  and  n0  is  the  nonlinearity  coefficient. 
Typically,  x\j  10”  ‘  for  a  liquid  crystal  film,  and  of^the  same  magnitude  or  larger  for 
solid-state  thin  film. 

This  refractive  index  change  imparts  a  transverse  phase  shift  on  the  optical  field 


(r)=  ~ 


(Z)I(r)dZ=  n.  dl(r) 


where  d  is  the  thickness  of  the  nonlinear  film 

The  total  optical  intensity  on  the  sample  is  given  by  the  sum  of  the  forward  propagating 
and  backward  propagating  (reflected)  beam 


I  =  I  +  ID 
o  R 


Without  loss  of  generality,  and  for  the  sake  of  clarity,  we  will  ignore  the  presence 
of  the  lens.  (The  effect  of  including  the  lens  is  to  introduce  a  geometrical  factor  and 
will  be  discussed  in  a  later  section).  In  this  case,  the  exit  beam  electric  field  at  a 
distance  z  from  the  nematic  field  is  given  bv 


El /•„.*!  =  4-  exptlfczlexp— —  /..  E»ir,0kxp-~-Jo  --  °  ,exp[ --ib*>n]rdr 

l  Iz  LI  KZ 
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where  r0  =  (x0  +  vQ)  2  and  r  =  (x^*  +  y  )2  and  J0  is  the  zeroth-order  Bessel  Function.  The 
incident  laser  beam  is  assumed  to  be  a  Gaussian,  and  its  electric  field  is  given  by 


I  (r  >  0)=  JY^exp  [  . 


The  output  intensity  at  z  is  given  by  squaring  both  sides  of  equation  (4)  to  give 


jj  Io  dr  r/0(2trrr0/Xz )exp(  —  f  X“P|  '*  2z  +  1R  ~  \  +n2R„d/lr.z) 


Notice  from  (6)  that  it  is  an  integral  equation  for  the  intensity  distribution  I(r.z). 

The  possibility  of  bistable  or  multistable  intensity  distribution  is  therefore  obvious 
It  is  not  possible  to  get  a  closed-form  solution  for  (I(r,z)  from  (6).  We  found  that, 
however,  by  making  very  reasonable  approximations,  we  can  convert  equation  (6)  to  a  set  of 
very  simple  transcendental  algebraic  equations  from  which  much  insight  about  the  bistable 
operation  can  be  gained.  The  approximation  employed  can  be  shown  to  be  equivalent  to  the 
lens  approximation,  and  consist  of  the  simple  procedure  of  expanding  I(rQ.z)  as  well  as 
I0  and  Iq,  in  the  form 

I(ro,z)  *  Z  (-l)\r»n  (7) 

n=0 

and  retaining  only  the  first  two  terms.  [We  have  shown  in  previous  work  that  it  is 
possible  to  redo  the  problem  by  including  alA  the  terms  for  the  forward  propagating  field 
(corresponding  to  I0) ,  but  the  result  for  Ctf5  bistable  switching  is  not  appreciably 
changed].  Following  reference  2,  we  pet, 

_ h _ 

Ao  “  2  2 

,  )  1  11  ,  /8\ 

4z  IT  +  +  - —~n1dRmA  J 

oi  k  u  Zk  ai 

and,  by  introducing  a  unitless  parameter  u 

u  =  ^2k(l/2z+l/2R-2n2I0d/y-n2dRmA?)  (8a) 


the  solutions  for  A0  and  A2  are  given  by  the  solution  for  u  in  the  equation 

BL  -  B2  u  = - ^7-7 

(1+u  ) 


Sz4(l/2z+I/2R-2n-,Ind/  ~2) 


R  n~Ind„Dk 
m  2  0 


z  R  l„d  JkJ 

m  2  0 

Figure  (2)  is  a  plot  of  the  function  Bq  -  B2  u  (L.H.S.  of  (9)).  and  (1  +  u2 ) 

(R.H.S.  of  (9),).  Where  there  are  triple  intersection  points  correspond  to  the  bistable 
switching  region. 

Discuss  ion 

Before  we  proceed  to  discuss  the  geometrical  significance  and  conditions  deducihle 
from  Figure  (2),  it  is  instructive  to  note  here  that  aside  from  the  expected  dependence 
of  Bq  and  B2  on  z,  and  the  radius  of  curvature  R,  both  Bq  and  B2  are  extremely  sensitive 
to  the  beam  waist  of  the  incoming  laser  beam  Bq  .  while  B2  . On  the  other 

hand,  the  existence  of  the  triple-value  solutions  from  Figure  2  is  clearly  dependant  on 
the  value  of  Bq  and  B2  This  implies  of  course  that  transverse  optical  histabilirv  is 
extremely  sensitive  to  the  incoming  laser  beam  waist  Such  a  dependence  is  actually 
experimentally  verified  in  our  study  of  transverse  optical  bistability  in’-olvtng  a  nenai 


liquid  crystal  film,  and  is  expected  to  hold  true  too  for  other  thin  film  with 
nonlinearity  of  the  form  given  in  (1). 


( 

f  There  is  a  similarity  between  Figure  (2)  and  the  usual  Tabry-Perot  optical  bistability 

'  treatment.  Both  involve  solving  for  triple  valued  quantity  from  the  intersection  of  a 

!  straight  line  and  a  bell-shaped  function.  The  slope  of  the  straight  line  is  inversely 

*  proportional  to  the  optical  intensity  of  the  incoming  beam.  The  difference  in  the  present 

,  case  is  that  only  one  (as  opposed  to  the  usual  Fabry-Perot,  which  involves  infinite, 

i  periodic)  bell-shaped  function  is  involved.  Also,  the  intercept  of  the  straight  line 

■  with  the  "u"  axis  also  changes  with  the  beam  intensity. 

Figure  (2)  allows  one  to  deduce  the  geometrical  conditions  for.  observing  bistabilitv. 
When  I0  =  0,  slope  -B2  (denoted  as  m)  is  infinite,  while  the  intercept  (denoted  as 
3X  =  B]_/B2)  is  given  by 

Bx  =  (  71  +  2R  '  2n2  Xo  d/"2)  (12) 


Consider  the  case  n~  >  0.  If  I  is  increased,  then  B  will  move  towards  u  =  0.  i.e. 
decreases,  as  shown  in  Figure  2.  At  the  same  time,  tfie  slope  m  will  decrease  in 
magnitude  (m  is  still  negative).  In  order  for  triple-valued  solution  to  occur,  a 
sufficient  condition  is  that  the  magnitude  of  the  slooe  must  be  less  than  the  maximum 
magnitude  of  the  tangent  to  the  bell-shaped  function  on  the  positive  u  side.  Let  the 
corresponding  optical  intensity  be  denoted  Ic  i.e. 


m  (I  )  >  -1.04 


(13) 


where  1.04  is  the  maximum  magnitude  of  the 
Correspondingly,  the  intercept  is  given 


tangent  to  the  bell-shaped  function, 
by 


b  (I  )  =  1. 12 
xc  c' 


A  necessary  condition  for  bistability  is  that  b  (1=0)  >  1.12 

From  (14),  we  get  x 


I  = 
c 
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And  from  (13).  we  get  the  sufficient  condition  for  bistability  as 


(14) 


(13) 


R  n 
m  2 


-1.12 


(16) 


The  square-bracket  term  in  the  denominator  of  (16)  is  positive  by  virtue  of  the  fact  that 
b^  (1=0)  >  1.12.  From  (16),  we  have 


-  1  (17) 

Z 

where  R^  is  the  reflectivity  of  the  feedback  mirror. 

Notice  that  ny  cancels  out  exactly  in  the  denominator  of  (16).  The  condition  for  optical 
bistability  is  independent  of  the' magn i tude  of  ny !  From  (17).  we  see  that  transverse 
optical  bistability  is  clearly  a  geometrical  effect,  depending  only  on  the  geometrical 
parameter  like  2  and  R.  Equally  noteworthy  is  the  extreme  sensitivity  of  the  condition 
on  the  u. 


30.8 
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For  the  case  of  negative  nonlinearity  (n2  >0).  the  same  argument  can  be  pursued  in  an 
almoct  mirror-image  fashion  of  Figure  3.  leading  to  the  conditions 

b‘  (Ic)  =  -  1. 12  (18) 

m"  (I  )  ■:  1  .04  (19) 


IVY 


This  gives 
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and,  finally,  the  sufficient  condition  for  bistability  is 
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Again,  the  condition  is  independent  of  the  magnitude  of  n„ ,  although  it  does  reflect  the 
sign  of  the  n2  by  imposing  the  requirement  that  the  radios  of  curvature  of  the  incoming 
laser  beam  be  negative. 

In  the  presence  of  a  lens  between  the  thin  film  and  the  mirror,  the  analysis  is 
straightforward  though  lengthy.  Following  Reference  2.  the  solutions  for  the  output 
intensity  (A0  and  A2)  can  again  be  obtained  by  solving  an  equation  of  the  form2 

B,  -  B,  V  =  (1  +  V2)-2  (21) 


2b2b4I, 


2b2b4l(. 


n0dR 
2  m 


n0dR  k 
/  m 


2n2I0d 

2~ 


and  a  =  k/2z  -  k/2R,  b  =  (k/2z)  and  D-^  =  b^  -  a|  a  (bq  =  (k/2zq)  and  aq  =  k/2z2  -  k / 2 £ ) . 
Obviously  ab/kD,  appearing  in  Bq  is  a  purely  geometrical  quantity.  The  similarity 
between  the  set  of  equation  (21)-(23).  and  the  set  (9)- (11),  not  surprisingly,  again  leads 
to  conditions  for  bistability  that  are  independent  of  the  magnitude  of  n2,  and  are 
dependent  only  on  the  various  geometrical  factors.  For  n2  >0.  we  have,  for  example 


+  8r  2 ,  , , 

-  R*  a  ♦ 


<  1.04 


I  ,  1  ,  ab  ) 
z  R  KDX 


Although  we  have  not  conducted  a  thorough  experimental  investigation 
conditions  are  obeyed,  the  geometric  parameters  used  in  our  experimental 
transverse  bistability  are  within  the  prescribed  conditions.  We  have  de 
experimented  with  set-ups  that  fall  outside  the  condition  for  bistahilit 
observed  any  switching.  The  preceding  discussion  also  brings  forth  a  hi 
consideration,  namely,  the  nonlinear  response  of  the  thin  film  does  not 
the  same  shape  and/or  width  as  the  transverse  dependence  of  the  incident 
illumination,  diffusion  processes  (in  solid  state  material)  or  nonlocal 
action  (e.g.  in  liquid  crystal)  will  in  general  broaden  the  response.  I 
in  view  of  the  extreme  dependence  of  the  transverse  bistability  on  the  1 
and  Che  width  of  the  response ,  therefore,  to  calculate  exactly  the  trans 
the  material  when  these  diffusive  types  of  processes  are  present.  Work 
underway  in  this  direction. 
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The  theory  as  outlined  above,  and  detailed  in  Reference  2,  can  be  applied  in  the 
study  of  the  effect  of  saturation,  which  has  hitherto  not  been  addressed  to  in  the  case 
ot  external  or  "weak”  self  focusing  bistability.  Saturation  of  the  optical  noniinearitv 
can  assume  many  forms,  depending  on  the  corresponding  physical  processes  involved.  It  is 
concommitant  with  the  extraordinary  large  optical  noniinearitv  observed  in  materials  like 
nematic  liquid  crystal  films  (molecular  reorientational  noniinearitv),  solid  state 
muLti-quantum  well  structures  (excitronic  absorption)  and  sodium  vapors  (electronic 
resonances ) . 

We  have  investigated  several  forms  of  saturation  behaviour  and  how  thev  affect  the 
transverse  bistability  switching  process.  One  of  the  most  common lv  occurring  form  is  such 


that  the  optically  induced  refractive  index  change  is  given  as  in  Equation  (1),  but  with 
n2  replaced  by  an  intensity  dependent  coefficient  02(1). 

n„  (I)  =  n2  (25) 

2  T+T(r)/Ts_ 

where  Is  is  the  saturation  intensity.  Details  of  our  calculation  are  clearly  outside  the 
scope  of  the  present  paper.  It  suffices  to  note  here  that  one  could  proceed  with  the  same 
expansion  procedure  as  outlined  here  and  Reference  2  to  obtain  again  two  algebraic 
equations  for  A0  and  A2  (c.f.  Equation  (8).  However,  it  is  no  longer  possible  to  derive 
simple  explicit  analytical  expressions  for  the  conditions  for  bistability  operations. 
Nevertheless,  these  algebraic  equations  can  be  very  easily  solved  numerically.  An  inter¬ 
esting  theoretical  result,  which  occurs  at  a  small  range  of  saturation  intensity,  is  de¬ 
picted  in  Figure  3.  The  calculation  uses  the  geometrical  parameters  similar  to  the  set 
used  in  the  experimental  observation  described  in  Reference  2,  with  an  assumed  saturation 
intensity  Is  value  near  the  switch-up  point.  As  clearly  depicted  in  Figure  3,  two  very 
closely  bistability  loops  appear.  The  first  loop  occurs  at  a  lower  intensity,  and  is 
almost  identical  to  one  obtained  with  (Is=»).  The  second  loop  occurs  right  after  the 
switch-up  point  in  the  first  loop,  and  the  direction  of  switching  is  opposi te  to  the 
initial  loop.  As  we  emphasized  earlier,  the  occurrence  of  these  two  closd>y-  loop  holds 
true  only  for  a  small  range  of  Is .  At  other  values  of  Ig,  the  two  bistability  loops 
either  merge  into  one,  or  break  up  into  one  bistability  loop  and  a  unidirection  "dip”  at 
the  higher  intensify  point. 

Acknowledgement 

I  am  indebted  to  T.  H.  Liu  and  R.  Normandin  for  some  assistance  in  the  numerical 
computation.  This  research  is  supported  by  a  grant  from  the  National  Science  Foundation 
under  grant  number  ECS8415387  and  the  Air  Force  Office  of  Scientific  Research  AFOSR  840375 

References 

1.  A.  E.  Kaplan,  Opt.  Letts.  6,  360  (1981) 

2.  I.  C.  Khoo,  P.  Y.  Yan,  T.  H.  Liu,  S.  Shepard  and  J.  Y.  Hou,  Phys .  Rev.  A29 ,  2756 
1984;  see  also  references  therein  for  a  more  complete  list  of  references  on  similar 
work . 


Figure  Captions 

Figure  1.  Schematic  of  the  experimental  set  up  for  observing  transverse  intensity 
bistability,  m:  mirror;  p :  pinhole;  NF.-  nonlinear  thin  film; 

Z  =  2  (Zi  +  Z2). 

Figure  2.  Plot  of  the  functions  Ej_-B2  u  and  (l+u2)"2.  and  Bxc  are  intercepts  of 

B1-B2  u  with  the  u-axis.  m  is  the  tangent  to  the  bell-shaped  function 
( 1+uZ) " 2  _ 

Figure  3.  Theoretical  bistability  output  versus  input  plot  for  the  on-axis  region. 
Fig.l 
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Probe  Beam  Amplification  Via  Two-  and  Four-Wave  Mixings  in  a  Nematic 

Liquid  Crystal  Film 


IAM-CHOON  KHOO  and  T.  H.  LIU 


Abstract— We  have  observed  very  large  probe  beam  gain  (up  to  604 
percent)  in  a  thin  Aim  (100  pm)  of  nematic  liquid  crystal,  for  a  low 
pump  beam  intensity  on  the  order  of  2  W/cm:.  The  effect  is  nonlin- 
early  dependent  on  the  pump  intensity  and  the  wave  mixing  angle. 


Introduction 

THE  EXTRAORDINARILY  large  orientational  opti¬ 
cal  nonlinearity  of  nematic  liquid  crystal  has  been 
well-documented  in  the  studies  of  several  nonlinear  opti¬ 
cal  processes  [I],  Optical  wave  mixing  effects,  such  as 
wavefront  conjugations  (with  coherent  and  partially  co¬ 
herent  light)  and  optical  self-diffractions  have  been  stud¬ 
ied  by  several  workers.  These  studies  are  centered  on  the 
index  grating  induced  by  a  pump  (or  reference)  and  a 
probe  (or  image)  beam.  Wavefront  conjugation  is  ob¬ 
tained  if  the  pump  beam  is  retroreflected,  and  the  gener¬ 
ated  fourth  wave  transverses  back  along  the  probe  beam. 
On  the  other  hand,  the  two  incident  beams  can  “self-dif- 
fract”  from  the  grating  into  beam  2  and  3  directions  [as 
shown  in  Fig.  1(a)].  An  interesting  effect  arises  in  these 
mixing  effects  when  probe  beam  1  is  much  weaker  in  in¬ 
tensity  than  pump  beam  0.  In  that  case,  beam  1  can  be 
amplified  (or  diminished),  depending  on  the  beam  cou¬ 
pling  between  them. 

In  similar  studies  in  other  materials  [2],  such  as  BSO 
and  BaTi03,  ar/2  phase  shift  between  the  refractive  in¬ 
dex  grating  and  the  optical  intensity  grating  is  induced. 
This  gives  rise  to  a  strong  coupling  between  the  two 
beams,  and  amplifies  beam  2  at  the  expense  of  beam  1 .  If 
the  phase  shift  is  vanishing,  this  coupling  disappears. 

In  this  letter,  we  report  the  observation  of  very  large 
probe  beam  amplification  even  under  a  zero  phase  shift 
condition.  The  effect  is  attributed  to  a  multiwave  mixing 
effect.  By  frequency  shifting  one  of  the  beams,  thereby 
creating  a  phase  shift  between  the  gratings,  a  two-wave 
mixing  effect  is  observed.  The  two-wave  coupling  en¬ 
hances  (or  diminish)  the  multiwave  mixing  produced 
probe  gain  depending  on  the  sign  of  the  phase  shift. 

Before  we  describe  our  experimental  results  we  shall 
briefly  go  through  the  basic  theories.  Nematic  films  are 
Kerr-like  media.  The  optical  dielectric  constant  may  be 
written  in  the  form 
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Fig.  1.  (a)  Schematic  of  optical  self-diffractions  in  a  nonlinear  film  in¬ 
duced  by  the  pump  0  and  the  probe  1  beams,  (b)  Schematic  of  lasers 
propagating  through  a  homeotropically  aligned  nematic  liquid  crystal 
film. 


€,  =  €,„  +  €,  E2  (1) 

where  e,  is  the  extraordinary  ray  dielectric  constant,  eeu  is 
the  unperturbed  value,  e,  the  nonlinearity  coefficient,  and 
£2  is  the  square  of  the  optical  electric  field.  We  had  used 
Fig.  1(b)  as  the  interaction  geometry;  hence  the  use  of  the 
extraordinary  refractive  index. 

In  general,  £2  contains  dc,  low-frequency  ac.  and  high 
(optical)  frequency  components  if  the  film  is  subjected  to 
a  combination  of  several  optical  fields.  However,  since 
nematic  responses  are  slow,  only  the  dc  and  low-fre¬ 
quency  components  produce  nonvanishing  reorientation 
responses.  Consider  the  case  where  E  is  made  up  of  the 
pump  and  probe  beam  and  the  first  diffracted  beam  on  the 
side  of  the  pump.  The  other  diffracted  beam  is  generally 
very  weak  and  plays  a  negligible  role  in  these  wave  mix¬ 
ing  processes,  i.e., 

E  =  £0  +  Ei  +  £’  (2) 

where  £,’s  are  given  by 
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Ej  =  {  (Aj(z)  ei{i>- +  c.c.).  j  —  0,  1,2  (3) 

and  the  /4’s  are  the  amplitudes  of  the  plane  optical  waves. 

The  intensity  of  the  pump  beam  is  much  larger  than  that 
of  the  probe  beam.  In  our  experiment,  the  beam  ratios 
used  range  from  10 :  1  to  102 : 1 
Putting  (3)  and  (2)  into  (1),  we  get 

t,  =  eeo  +  At, (due  to  dc  terms  in  E2) 

+  %[(AoA:  +  A2A  J)***'-^* 

+  (A0*At  +  A*A0)e~‘(*  r**)] 

+  higher  order  grating  terms  (4) 

where  k  =  k0  -  kh  and  ij>  is  the  phase  shift  between  the 
refractive  index  grating  and  the  intensity  grating.  For  a 
Kerr  medium  like  nematic  liquid  crystal  him,  <t>  is  zero. 

Following  the  usual  coupled  wave  approach,  we  get  the 
following  equations  for  the  amplitudes  Ajs',  we  get 


dA0  _  it|0)2  ,, 
dz  4c2ko  1 


A0e +  4A*AtA2  cos  <t>) 


~9z  =  4?*i  (l'4°|2/4'  +  AoA*)e"*  (6) 

(7) 

where  terms  that  are  negligibly  small  are  omitted.  We 
have  also  ignored  the  phase-mismatch  because  we  are 
considering  very  thin  cells  (200  jxm)  and  large  grating 
constant  (grating  -  200  fim).  In  the  usual  treatment  of 
two-wave  mixing  [3],  the  second  terms  on  the  RHS  of 
(5)-(6)  and  the  diffracted  beam  A2  are  neglected  because 
of  phase  mismatch  (in  a  thick  sample,  for  example).  The 
theory  then  shows  that  the  coupling  of  A0  and  Ax  (i.e. , 
exchange  of  their  intensities)  is  vanishing  if  4>  =  0.  In 
medium  where  <t>  is  known  to  be  vanishing,  nonvanishing 
contribution  to  the  energy  exchanges  between  the  beams 
is  via  the  multiwave  mixing  effects  that  properly  include 
the  second  terms  of  the  RHS  of  (5)— (7)  and  the  role  played 
by  A2. 

These  equations  are  readily  solved  using  numerical 
methods.  However,  one  can  readily  show  that  in  the  small 
gain  regime  (and  ignoring  pump  depletion)  the  gain  in  the 
intensity  of  beam  1  (via  the  grating  term  A l  A*),  is  pro¬ 
portional  to  the  square  of  the  intensity  of  the  pump  beam . 
This  square  dependence  of  the  four-wave  mixing  term  is 
different  from  the  (small-signal)  linear  dependence  of  the 
two-wave  mixing  effect  [via  the  first  term  on  the  RHS  of 
(5)-(7)]  on  the  pump  intensity.  We  shall  discuss  our  ex¬ 
perimental  results  and  our  analysis. 

Experiments  and  Analysis 
Fig.  1(a)  shows  a  schematic  of  the  experimental  setup. 
A  strong  pump  beam  and  a  relatively  much  weaker  beam 


Angle  (r«dt*a) 

Fig.  2.  (a)  Circles:  experimentally  observed  probed  beam  gain  as  a  func¬ 
tion  of  the  crossing  angle  of  the  pump  and  probe  beams  when  there  is  no 
frequency  shift  between  the  beams,  (b)  Triangles:  probe  beam  gain  when 
it  is  frequency  down-shifted  with  respect  to  the  pump  beam  frequency 
showing  an  enhancement,  (c)  Squares:  probe  beam  frequency  upshifted, 
the  gain  is  reduced. 

are  crossed  at  the  nematic  film,  creating  an  intensity  grat¬ 
ing  in  the  y  direction.  The  laser  used  is  a  linearly  polar¬ 
ized  Ar*  laser  (5I45A)  and  the  pump  and  probe  beams 
are  obtained  with  the  use  of  a  beam  splitter  and  attenua¬ 
tors  (placed  on  the  probe  beam).  The  liquid  crystal  used 
is  a  homeotropically  aligned  PCB  (Pentyl-cyano-bi- 
phenyl)  nematic  film  of  thickness  -200  jsm.  The  two 
laser  beams  propagate  in  a  plane  that  makes  an  angle  (3 
with  the  director  axis  of  the  film  [c.f.  Fig.  1(b)],  The  film 
is  maintained  at  room  temperature  (22 °C).  The  crossing 
angles  9  between  the  two  beams  are  varied  from  about 
10~3  to  about  10-2  rad.  The  pump  beam  is  about  240  times 
intense  than  the  probe  beam.  Other  pump /probe  beam 
ratios  have  also  been  used. 

In  nematic  films  a  previous  study  has  shown  that  the 
magnitude  of  the  optically  induced  reorientations  depend 
on  the  grating  spacing  as  well  as  the  film  thickness  [4[ 
(</).  Indeed,  the  reorientation  is  inversely  proportional  to 
(k*d2  +  1),  where  k  =  |*0  -  £|  =  2v/\g  (\g:  the 
grating  spacing)  is  the  magnitude  of  the  grating  wave  vec¬ 
tor.  For  optimum  wave  mixing  efficiency,  \g  should  be 
at  least  as  large  as  d.  This  is  experimentally  observed  be¬ 
fore  in  our  previous  study  of  self-diffraction  [3].  In  the 
present  case,  the  probe  beam  gain  is  also  sensitively  de¬ 
pendent  on  the  grating  spacing  (which  is  related  to  the 
crossing  angle  6  by 

X„p  sin"1  0/2 


where  \,p  is  the  optical  wavelength).  Fig.  2(a)  is  a  plot 
of  the  probe  beam  gain  as  a  function  of  the  wave  mixing 
angle  9.  At  0  =  10  1  rad,  there  is  hardly  any  gain.  On 
the  other  hand,  a  gain  (/„,.//.„)  of  600  percent  is  ob¬ 
served  for  9  =  10  rad.  The  gain  is  observed  at  a  pump 
beam  intensity  of  about  2  W/cm2,  and  a  probe  beam  in¬ 
tensity  that  is  1  /  200  of  the  pump  beam. 
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Fig.  3.  Observed  dependence  of  the  probe  beam  gain  as  a  function  of  (he 
pump  beam  intensity  (pump :  probe  beam  ratio  is  240 :  I ). 


Following  the  theory  of  optical  field-induced  nematic 
axis  reorientation,  we  expect  the  refractive  and  the  inten¬ 
sity  gratings  to  coincide,  i.e.,  no  phase  shifts  between  the 
two  grating  [3].  The  amplification  of  the  probe  beam  can 
therefore  be  explained  in  terms  of  four-wave  couplings. 
There  are  two  possible  routes  (which  we  term  four-wave 
mixing  processes)  tHt  scatter  the  pump  beam  into  the 
probe  beam  directions:  one  is  via  a  grating  formed  by 
beam  1  and  the  diffracted  beam  3,  and  the  other  is  via  a 
grating  formed  by  0  and  2.  The  second  one  is  predominant 
since  beam  0  intensity  is  much  larger  than  beam  1 ,  while 
beam  2  intensity  is  much  larger  than  that  of  beam  3. 

In  our  experiment,  both  beams  2  and  3  are  observed, 
and  their  intensities  ratio  (beam  2 : 3)  is  roughly  the  same 
as  beam  0 :  1  ratio.  As  a  result  of  these  four-wave  cou¬ 
pling  processes  l  e  gain  of  beam  1  (defined  as  In  (trans¬ 
mitted  probe  intensity  /  input  probe)]  is  a  highly  nonlinear 
function  of  the  input  pump  intensities,  cf..  Fig.  3.  Beam 
1  grows  almost  as  fast  as  the  ll  pump  initially,  which  is 
typical  of  the  four-wave  coupling  gain.  Amplification  is 
not  observed  under  conditions  (e  g.,  low  pump  beam  in¬ 
tensity  and/or  large  wave  mixing  angle)  where  beam  2 
and  3  are  not  generated. 

To  create  a  phase  shift  between  the  refractive  index 
grating  and  the  intensity  grating,  we  employed  the  tech¬ 
nique  used  successfully  by  Huignard  et  al.  in  their  studies 
involving  BSO  crystal,  i.e.,  the  probe  beam  is  imparted  a 


positive  frequency  shifts,  respectively,  confirm  this  the¬ 
oretical  expectation.  The  frequency  shift  ft  imparted  on 
the  probe  beam  is  obtained  by  translating  the  mirror  guid¬ 
ing  the  probe  beam  onto  the  film  at  a  rate  approximating 
one  optical  wavelength  per  one  relaxation  time  constant 
r.  (Typical  relaxation  time  of  a  100  /cm  thick  film  is  about 
a  few  seconds.)  From  Fig.  2(b)  and  2(c),  we  note  that  as 
much  as  40  percent  gain  (36)  or  loss  (3c)  from  the  non- 
shifted  value  is  created  by  this  moving  grating  induced 
two-wave  coupling  process. 

In  conclusion,  we  have  observed  for  the  first  time  in¬ 
teresting  two-  and  multiwave  mixings  induced  probe  beam 
amplification  process.  There  are  obvious  details  concern¬ 
ing  these  two  processes  such  as  theoretical  solutions  of 
the  multiwave  mixing  equations,  couplings  between  these 
processes,  effects  of  sample  thickness,  etc.,  that  remain 
to  be  thoroughly  investigated.  These  problems,  as  well  as 
the  possibility  of  applying  this  beam  amplification  process 
to  ring  oscillations  [3]  and  image  amplifications  [6]  with 
visible  and  other  type  of  laser  sources  (e.g.,  we  have  ini¬ 
tiated  studies  with  C02  lasers)  are  currently  being  inves¬ 
tigated  and  will  be  reported  elsewhere. 
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Crystal  Mesophases 
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Abstract-- We  have  observed  for  the  first  time  simultaneous  occur¬ 
rence  of  phase  conjugation  and  pulse  shortening  in  stimulated  back 
scattering  of  nanosecond  laser  pulses  from  thin  him  of  smectic  and  ne¬ 
matic  liquid  crystals,  and  from  thick  samples  of  isotropic  cholesterics. 
Aberration  correction  capability  and  high  compression  ratio  are  ob¬ 
tained. 

STIMULATED  backward  scattering  (Brillouin,  Ra¬ 
man,  Rayleigh  Wing,  etc.)  as  an  efficient  single-in- 
put-wave  phase  conjugation  process  has  received  consid¬ 
erable  interest  recently  [1],  As  first  studied  by  Zel’dovich 
et  al.  [2J  in  1972,  the  effect  took  on  a  remarkable  devel¬ 
opment  in  1980  in  the  study  by  Hon  [3],  who  demon¬ 
strated  that  the  phase  conjugated  iaser  pulse  is  also  highly 
compressed.  Recently,  Rao  et  al.  [4]  have  shown  that 
similar  pulse  compression  can  be  achieved  by  stimulated 
Brillouin  scattering  in  the  isotropic  phase  of  cholesteric 
liquid  crystals.  In  their  experiment,  the  sample  was  placed 
very  far  from  the  laser  oscillator  so  that  multiple  or  re¬ 
generative  scattering  and  amplification  of  the  backward 
scattered  pulses  (which  account  for  the  highly  compressed 
pulses  in  Hon’s  study)  were  avoided. 

In  this  paper,  we  report  the  observation  of  stimulated 
Brillouin  scattering  from  thin  films  of  nematic  and  smec¬ 
tics  or  bulk  samples  of  isotropic  liquid  crystals  (choles¬ 
terics)  where  both  phase  conjugation  and  pulse  shorten¬ 
ing  occur  simultaneously.  Compression  ratios  as  high  as 
20  and  correction  of  severe  distortions  by  the  phase  con¬ 
jugation  effect  are  observed.  We  have  conducted  experi¬ 
ments  with  several  liquid  crystals.  In  some  cases,  there  is 
evidence  of  interference  effects  from  stimulated  Raman 
component.  In  the  experimental  results  to  be  described 
below,  the  fundamental  mechanism  is  attributed  to  stim¬ 
ulated  Brillouin  scattering. 

For  experiments  involving  the  mesophases  (i.e.,  ne¬ 
matic  and  smectic),  the  liquid  crystal  (4,4'-n-octyl-cy- 
ano-biphenyl, OCB)  is  used.  OCB  is  smectic  (A)  in  the 
temperature  range  21.5-33.5°C  and  nematic  in  the  range 
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Fig.  I  (a)  Schematic  of  the  experimental  set  up  for  studying  stimulated 
laser  backscattenng  from  smectic  and  nematic  liquid  crystal  film,  (b) 
Schematic  for  laser  backscattering  from  isotropic  liquid  crystal  sample. 

33.5-40.5°C.  A  thick  (250  irml  hometropically  aligned 
film  is  fabricated  with  surfactant  treatment  on  the  glass 
slides  and  by  applying  an  aligning  dc  field  on  the  sample 
when  it  is  cooling  from  the  nematic  to  the  smectic  phase. 
The  incident  laser  pulse  is  focused  by  a  positive  lens  (fo¬ 
cal  length  =  20.5  cm)  into  the  film  from  one  of  the  open 
side  ends  between  the  slides  [as  shown  in  Fig.  1(a)]. 

For  experiments  involving  the  isotropic  phase,  we  ob¬ 
tained  very  well  defined  phase  conjugation  and  com¬ 
pressed  pulses  from  bulk  samples  of  the  cholesteric  (EM 
chemicals,  TM74-A),  which  has  a  cholesteric  -*  isotropic 
transition  temperature  15.9°C.  The  liquid  is  placed  in  a 
2.5  cm  long  area  and  maintained  at  a  room  temperature 
of  22°C.  The  laser  pulse  is  focused  by  a  50  cm  focal 
length  lens  into  the  cholesteric  sample  [Fig.  1  (b) ] . 

The  laser  pulses  are  from  a  (J-switched.  frequency-dou¬ 
bled  Molectron  Nd :  YAG  laser  that  is  nearly  Gaussian  in 
transverse  profile.  The  laser  pulse  in  general  contains  one 
strong  mode  and  a  much  weaker  second  mode,  but  occa¬ 
sionally  may  contain  two  equally  strong  modes.  Fig.  2(a) 
is  a  typical  laser  pulse,  measuring  about  20  ns  FWHM. 
The  laser  pulse  energy  is  measured  with  a  joulemeter  and 
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Fig  2.  Oscilloscope  trace  of  a  typical  input  laser  pulse.  Scale:  10  ns/div. 


the  backscattered  light  is  monitored  with  a  fast  photo¬ 
diode  and  a  400  MHz  Tektronix  storage  scope.  The  laser 
is  linearly  polarized  and  is  focused  onto  the  nematic 
or  smectic  film  with  the  polarization  parallel  to  the  direc¬ 
tor  axis  of  the  sample. 

For  the  nematic  and  smectic  film,  a  visible  backscat¬ 
tered  pulse  (with  an  energy  equal  to  about  1  percent  of 
the  input  energy)  is  observed  at  an  incident  laser  energy 
of  0.8  mJ  (corresponding  to  a  power  of  40  kW ).  The  es¬ 
timated  focal  spot  size  of  the  laser  at  the  entrance  face  of 
the  film  is  4  x  10“4  cm2  (i.e.,  the  laser  pulse  peak  inten¬ 
sity  is  about  100  MW /cm2).  In  spite  of  the  severe  aber¬ 
ration  created  at  the  irregular  entrance  surface  of  the 
smectic  and  nematic  films,  the  backscattered  laser  appears 
nice  and  round  and  closely  resembles  the  unaberrated 
laser.  Fig.  3(a)  is  the  reflection  of  the  laser  from  the  film 
surface  showing  the  distortion  imposed  on  the  laser  upon 
its  entrance  to  the  film.  On  the  other  hand.  Fig.  3(b)  shows 
the  phase  conjugation  beam  (for  nematic  and  smectic  film, 
the  phase  conjugated  beam  is  surrounded  with  consider¬ 
able  noisy  background,  but  for  cholesteric  isotropic  phase, 
the  phase  conjugated  signal  is  much  clearer).  The  tem¬ 
poral  dependence  of  the  reflected  pulse  is  depicted  in  Fig. 
3(c),  which  shows  that  the  laser  is  highly  compressed. 
The  phase  conjugated  pulse  has  an  FWHM  of  about  2  ns. 
At  higher  input  energy  (  >  6  mJ ),  the  stimulated  Brillouin 
process  is  so  strong  that  the  liquid  crystal  at  the  entrance 
face  is  “pitted"  away  with  a  clearly  audible  click.  At  this 
point,  the  back-reflected  signal  disappears.  Almost  iden¬ 
tical  observations  (i.e.,  threshold  power,  phase  conjuga¬ 
tion  and  shortening,  etc.)  are  made  in  both  the  smectic 
and  the  nematic  phase  (obtained  by  warming  the  smectic 
film).  We  do  not  observe  any  “discontinuity"  or  unusual 
features  as  the  smectic  -*  nematic  transition  is  passed. 
This  is  consistent  with  our  previous  studies  of  high-fre¬ 
quency  acoustic  waves  in  nematic  and  smectic  phase  {5J, 
(6).  The  sound  velocities  and  attenuation  constants  (or 
lifetimes)  are  essentially  the  same  in  both  phases.  Since 
the  acoustic  lifetimes  in  these  films  (nematic  and  smectic) 
are  on  the  order  of  100  ns,  the  preceding  observed  phase 
conjugation  and  pulse  shortening  process  is  in  a  high  gain 
transient  regime.  Because  of  the  large  attenuation  (due  to 
spurious  orientational  fluctuation  scatterings)  of  the  ne¬ 
matic  and  smectic  film  (typically  about  25  dB,/cm  for  ne¬ 
matic  and  10  dB/cm  for  smectic),  the  so-called  gain 
length  in  these  films  is  not  expected  to  be  more  than  a  few 


I 


u> 


(c) 


Fig.  3.  (a)  Photog.aph  of  ihe  reflecied  beam  from  lbe  entrance  face  of  the 
smectic  film  (detected  at  a  distance  of  2  m  from  the  entrance  face),  ibi 
Phase  conjugated  reflected  beam  detected  at  the  image  plane,  (cl  Oscil¬ 
loscope  trace  of  the  reflected  phase  conjugated  pulse  Time  scale  is  1(1 
ns/div. 

mm.  That  one  could  observe  simultaneous  phase  conju¬ 
gation  and  pulse  shortening  in  these  liquid  crystal  films  is 
simply  due  to  the  high  gain  arising  from  the  high  elec- 
trostrictive  constants  of  liquid  crystals. 

Before  we  proceed  any  further  to  discuss  the  effects  ob¬ 
served  in  the  isotropic  phase,  it  is  important  to  point  out 
here  that  the  type  of  "compression"  observed  in  these 
studies  is  different  from  the  so-called  “true  compression" 
observed  in  other  studies  involving  very  long  interaction 
length  (meters)  [7],  (8].  In  our  studies  involving  nematic 
and  smectic  films,  the  gain  length  is  estimated  to  be  a  few 
mm's,  and  the  experiment  in  the  isotropic  phase  to  be  de¬ 
scribed  below  involves  a  gain  length  of  about  2  cm  or 
less.  These  "compressed"  pulses  may  therefore  be  more 
properly  called  "spikes"  associated  with  transient  stim¬ 
ulated  Brillouin  scattering.  At  these  input  intensities 
(  =  100  MW  / cm- ),  our  previous  studies  of  the  same  ne¬ 
matic  and  smectic  films  showed  that  there  is  considerable 
thermal  buildup  which  may  very  well  terminate  these 
stimulated  Brillouin  scattering  processes.  W'hat  is  inter¬ 
esting  in  these  studies  is  that  even  under  these  adverse 
almost  uncontrollable  conditions,  the  back-reflected  beam 
is  very  nicely  phase  conjugated 
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Fig  4.  Oscilloscope  trace  of  the  backscattered  stimulated  beams  from  is-  Fig  5  Highly  distorted  laser  beam  after  its  passage  through  an  aberrator 
otropic  MBBA  and  PCB  samples,  showing  the  presence  of  both  Bnllouin  before  the  cholesteric  sample 

and  Raman  contribution  Scale  10  ns  div 


In  the  case  of  bulk  isotropic  liquid  crystal,  the  observed 
results  depend  on  the  particular  liquid  crystal  used.  We 
have  conducted  experiments  with  isotropic  nematic  PCB 
(pentyl-eyano-biphenyl).  nematic  MBBA  (methoxy-ben- 
zylidene-p-n-butylaniline).  and  cholesteric  (EM  chemi¬ 
cals,  TM74A).  In  PCB  and  MBBA.  we  tend  to  observe  a 
backscattered  pulse  of  temporal  behav  ior  depicted  in  Fig. 
4.  Such  temporal  behavior  is  due  to  a  combination  of 
stimulated  Raman  and  Brillouin  scatterings  [4],  and  in 
general,  we  do  not  observe  good  phase  conjugation.  On 
the  other  hand,  the  isotropic  cholesteric  (TM74A)  con¬ 
sistently  gives  a  very  good  phase  conjugated  beam  (with 
aberration  correction  capability)  and  a  nicely  compressed 
temporal  form  similar  to  Fig.  3(c).  Fig.  5(a),  for  exam¬ 
ple.  show‘  how  the  beam  is  distorted  after  its  passage 
through  an  aberrator  placed  before  the  sample.  On  the 
other  hand,  the  stimulated  reflected  beam  is  practically 
distortion  free  [cf.  Fig.  3(b) J .  In  the  experiment  on  cho¬ 
lesteric,  visible  backscattered  light  is  observed  at  an  input 
energy  of  1  mJ.  The  beam  size  on  the  sample  is  on  the 
order  1.3  x  10“’  errr.  (This  corresponds  to  a  threshold 
power  of  =  50  kW  or  an  intensity  of  4  MW /cm".)  The 
pulse  energy  needs  to  generate  a  similarly  observable 
backscattered  beam  scale  with  the  sample  length  (within 
the  confocal  length  of  the  focused  laser  beam),  i.e.,  for  a 
sample  length  of  1  cm.  we  observe  a  two-fold  increase  in 
the  threshold  power. 

At  higher  input  energy  (  =  10  mJ ).  one  notices  multiple 
(two  short)  pulse  formations,  which  are  evidently  caused 
by  the  multimode  nature  of  the  input  pulse.  The  reflected 
pulses  are  compressed  10  an  FWHM  of  about  2  ns  [cf. 
Fig.  3(c)]  and  contain  large  “noisy"  background  besides 
an  on-axis  phase  conjugated  component.  At  this  input  en¬ 
ergy,  an  almost  permanent  structural  distortion  is  created 
along  the  path  of  the  laser  beam  as  evident  bv  the  high 
aberrated  pattern  ot  the  transmitted  beam  that  persists  even 
as  the  input  laser  beam  is  reduced  to  very  low  energy  The 
origin  ot  these  structural  changes  is  not  clear,  but  they  are 
probably  due  to  bubbles  formed  wi.  iin  the  laser  path;  they 
disappear  when  the  sample  is  left  alone  for  a  day  or  so  or 
momentarily  warmed  up  At  room  temperature,  which  is 
6°C  above  the  liquid  crystal  -*  isotropic  transition  point. 


the  cholesteric  is  extremely  viscous  and  highly  correlated, 
the  observed  laser-induced  index  change  effects  could  be 
due  to  a  phase-transition  form  of  critical  expansion  (or 
melting)  as  well  as  the  electrostrictive  mechanism.  Mo¬ 
lecular  reorientations,  which  occur  readily  at  these  tem¬ 
peratures  just  above  the  transition  point,  are  ruled  out  by 
results  obtained  with  the  use  of  circularly  polarized  light; 
we  have  observed  similar  pulse  shortening  and  phase  con¬ 
jugation  effects  at  similar  laser  energies  for  linearly  and 
circularly  polarized  input  beams. 

In  conclusion,  we  have  observed  for  the  first  time  the 
simultaneous  occurrence  of  phase  conjugation  and  pulse 
shortening  in  thin  films  of  nematic  and  smectic  films  and 
in  bulk  isotropic  cholesteric  liquid  crystals.  In  the  latter 
case,  we  obtained  a  very  good  phase  conjugated  signal. 
Since  it  is  possible  to  fill  a  long  hollow  tubing  with  such 
isotropic  materials,  a  much  longer  interaction  length  can 
be  achieved,  thus  requiring  lower  power  and  enabling  true 
pulse  compression.  Work  along  this  line  is  currently  un¬ 
derway. 
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properties  and  processes  in  liquid  crystal  films,  as  well  as  clectrooptic  and 
optooptic  devices  using  liquid  films  and  other  nonlinear  materials. 
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We  present  a  theoretical  study,  with  reference  to  experimental  results,  of  transverse  self-phase  modulation  effects  in 
the  transmission  of  a  laser  beam  through  a  nonlinear  thin  film.  The  occurrence  of  interference  rings,  intensification 
or  dimming  of  the  on-axis  beam  intensity,  and  transverse  optical  bistability  in  the  presence  of  a  feedback  can  all  be 
systematically  documented  in  terms  of  geometrical/optical  parameter  classifications.  These  studies  provide  fur¬ 
ther  insights  and  useful  guides  for  experimental  studies. 


INTRODUCTION 

The  distortions  of  a  laser  beam  after  its  passage  through  a 
nonlinear  medium,  in  the  form  of  self-focusing,  self-defocus- 
ing,  self-trapping,  beam  breakups,  spatial  ring  formations, 
etc.,  have  been  studied  ever  since  lasers  were  invented.  In 
thick  media,  the  laser  experiences  severe  amplitude  and 
phase  distortions,  and  detailed  analyses  of  the  transmitted 
intensity  have  been  rather  complex  and  mostly  numerical  in 
nature.1  Recently,  with  the  discovery  of  highly  nonlinear 
materials  in  the  form  of  thin  films,  the  problem  of  calculat¬ 
ing  the  transmitted  beam  intensity  takes  on  a  much  less 
complicated  but  nevertheless  instructive  form.  In  this  case, 
the  laser  beam  does  not  experience  any  appreciable  loss  or 
intensity  modulation  through  the  nonlinear  film,  and  the 
transmitted  intensity  at  the  exit  side  of  the  nonlinear  film 
can  be  accurately  calculated  by  assuming  that  the  laser  sim¬ 
ply  acquires  a  nonlinear  (i.e.,  intensity-dependent)  trans¬ 
verse  spatial  phase  shift.  This  problem  has  been  studied  by 
various  researchers  in  various  contexts.- ■s 
The  writing  of  this  paper  is  motivated  by  our  (and  others’) 
recent  work  on  optical  switching-  and  limiting  effects6  due  to 
the  transverse  nonlinear  phase  shift,  the  formation  of  spatial 
rings, 1  and  the  relationship  between  these  effects  and  trans¬ 
verse  optical  bistability.-  4  The  last-named  phenomenon 
occurs  if  part  of  the  transmitted  beam  is  reflected  back  onto 
the  nonlinear  film  to  provide  a  feedback.  We  start  bv  ana¬ 
lytically  examining  Kirchhoffs  diffraction  integral7  and 
identifying  the  key  parameters  governing  the  nonlinear  dif¬ 
fraction  process.  This  examination  leads  to  some  natural 
and  physically  meaningful  grouping  or  classification  of  the 
phases  involved  in  the  process.  We  will  show  that  this 
reexamination  enables  us  to  classify  the  transmitted  intensi¬ 
ties  into  distinct  characteristics  and  to  make  direct  connec¬ 
tions  with  observed  self-phase  modulation  effects  (focusing, 
deionising,  rings,  etc.)  and  transverse  optical  bistability 
Some  experimental  results  are  also  presented  in  support  of 
tne  theoretical  analysis. 


THEORY 

(  onsider  the  transmission  of  a  laser  beam  through  a  nonlin¬ 
ear  thin  film  depicted  schematically  in  Fig.  1.  The  film 


imparts  an  intensity-dependent  and  transversely  varying 
phase  shift  to  the  beam.  The  intensity  at  a  distance  Z  from 
the  film,  i.e.,  at  the  observation  plane,  may  be  calculated  by 
using  Kirchhoff s  diffraction  integral.  Assuming  that  the 
incident  laser  beam  is  Gaussian,  i.e.,  that  it  is  at  the  entrance 
plane  of  the  nonlinear  film,  we  have 

/(laser)  =  /„  exp 


where  «,•  is  the  beam  waist  and  L,  is  the  on-axis  intensity.  A 
straightforward  application  of  Kirchhoff s  diffraction  inte¬ 
gral  yields  the  intensity  distribution  at  the  observation 
plane: 


/(r,.Z 1 


rdr'/nC/irrr/AZ) 


X  exp^  -  “r  Jexp[-i(0„  +  )]  ■  ( 1  > 

where  the  diffractive  phase  'tn>  and  the  nonlinear-  ( intensity- 1 
dependent  phase  <t>\ i.  are  given,  respectively,  bv 


where  rtj  is  the  nonlinear  refractive-index  coefficient,  k  = 
2jr/\.  A  is  the  optical  wavelength,  and  d  is  the  thickness  of 
the  nonlinear  film. 

Using  the  following  definitions: 
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Fig.  1 .  Schematic  of  a  laser  beam  passing  through  a  nonlinear  thin 
film  (NL).  P  is  the  observation  plane.  A  photodetector  (not 
shown)  monitors  the  intensity  at  various  locations.  M  is  a  partially 
reflecting  mirror  to  be  used  for  providing  feedback  in  transverse 
optical  bistability  study. 
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we  can  rewrite  Eq.  ( 1 )  as 


/(r1,Z)  =  C1/0 


exp(-2y-')y  exp|-i[C„  exp(-2y2) 
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C'/xy2]lt/nlC20y)dy  • 


(5) 


ON-AXIS  INTENSITY  DISTRIBUTION 
(CURVATURE  AND  GEOMETRIC  DISTANCE 
EFFECT) 

There  are  a  few  important  features  that  we  can  note  here 
before  we  proceed  with  a  numerical  solution  of  Eq.  (5). 
Because  of  the  appearance  of  fly)  =  y  exp(— y2)  in  the  inte¬ 
grand,  the  integration  rapidly  converges  for  y  5  2.5  or  so. 
The  single  most  important  factor  in  the  integral  value  is  the 
phase  factor 

0(y)  =  Cn  exp(— 2y2)  +  Gy2  (6) 

in  the  range  of  integration  (y  =  0  to_v  >  2.5). 

Consider,  for  example,  the  on-axis  intensity  [i.e.,  0  =  0, 
•JW)  =  1).  If  the  value  of  </>(y)  remains  fairly  constant  (i.e.,  if 
d0/d_v  is  small  in  the  region  y  at  0.25-1.5),  then  the  integral 
for  /(r,  =  0,  Z )  will  give  a  large  value. 

The  essence  of  our  observations  after  several  numerical 
computations  and  analyses  lead  us  to  discuss  the  problem 
(and.  in  a  way,  to  classify  the  intensity  distributions)  in 
terms  of  the  relative  and  absolute  magnitudes  of  C„  and  Ch. 

Since  (’„  depends  on  and  on  a  postive  variable  /,,,  it  can 
assume  either  positive  (n_,  >  0)  or  negative  (n.j  <  0)  values. 
We  shall  discuss  the  (rtj  >  0)  case  in  detail;  the  correspond¬ 
ing  in  -  <  0)  case  will  be  obvious. 

For  In,  >  0).  consider  the  following  three  cases  corre¬ 
sponding  to  typical  values  of  /,,  at  which  diffraction  rings  are 
observed: 

(Tat 


*<r> 


(c) 

Kig.  2.  (al  Plot  of  0.  o  =  do  d\ .  and  cos  o  as  a  tutu  (ion  ot 
ranging  from  O  to  a. no  lor  (  ,.  =  1">.  (’•  =  -4.  where  (  ,  and 
de lined  in  Kqs.  ( 7t  j.  tin  Plot  of  <;>,<;».  and  cos  ..*>  as  a  (unction 
case  lb  1  in  Kqs  1 7 1  (cl  Plot  of  o.  o  .  and  cnso  lor  case  (d  in  F 
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(case  b)  C„  =  15.  Ch  =  4,  (7b) 

(case  c)  C„  =  15,  Ch  =  0.  (7c) 

The  parameters  used  in  Eqs.  1  i)  are  u  =  0.03  cm,  Z  =  42.2 
cm,  R  =  17.5  cm,  and  X  =  0.51  pm.  Figure  2(a)  [correspond¬ 
ing  to  case  (a)|  shows  that  throughout  the  integration  range 
that  matters,  cos  0  is  an  oscillatory  function  and  the  inte¬ 
grand  gives  a  very  small  value  for  /( 0,  Z). 

Figure  2(b)  [corresponding  to  case  ( b)  J  shows  a  plot  of  the 
phase  factor  0  as  a  function  of  y  from  0  to  3.00.  In  the  region 
y  ^  0.7-1. 4  [which  also  corresponds  to  the  region  where  the 
function  f(y)  in  the  integrand  assumes  large  values),  cos  0 
remains  fairly  constant  (no  oscillation).  The  integrand  thus 
gives  a  large  value  for  /(0,  Z). 

A  so-called  intermediate  region  is  the  case  described  by 
Eqs.  (7c).  In  this  case,  one  notes  that  for  y  >  1.0.  cos  0  is 
almost  constant.  Thus  the  integrand  will  also  give  a  large 
value  for  the  on-axis  intensity  1(0,  Z). 

In  setting  Ca  =  15,  we  have,  of  course,  chosen  a  value  for 
n>d,  /,)  (i.e.,  the  intensity  /()).  Obviously,  the  intensity  /„ 
varies  from  0  to  some  finite  value.  However,  the  above 
conclusions  regarding  the  behavior  of  the  on-axis  intensity 
/(r,  =  0,  Z)  as  a  function  of  the  sign  and  the  magnitude  of  Ch 
remain  valid  for  general  values  of  I„  [where  the  intensity- 
dependent  0(y)  is  significant).  In  other  words,  for  n>  >  0,  in 
general,  under  conditions  when  Ch  is  positive,  one  gets  a 
bright  central  region  in  the  far-field  intensity  distribution. 
If  Ch  is  negative,  then  the  on-axis  region  will  be  darkened. 

From  Eq.  (4e)  for  Ch,  we  note  that  since  u  and  X  are  fixed, 
the  sign  and  the  magnitude  of  C*  obviously  depend  on  the 
sign  and  the  magnitude  of  R,  and  on  the  magnitude  of  Z, 
through  their  combined  effect  in  the  factor  (1  /Z  +  l/R). 
These  curvature  (R)  and  distance  (Z)  effects  have  also  been 
recognized  in  previous  work,  although  we  emphasize  here 
the  fact  that  Z  and  R  must  be  considered  together.  In  other 
words,  it  is  incomplete  and  could  be  misleading  to  classify 
the  transmitted  intensity  distribution  due  to  positive  or 
negative  radii  of  curvature,  since  for  either  position  or  for 
negative  values  of  R  there  exists  a  range  of  physically  acces¬ 
sible  values  of  Z  that  will  make  the  factor  (1/Z  +  l/R) 
positive. 

The  conclusions  to  be  drawn  in  the  case  of  negative  are 
almost  the  mirror  image  of  the  cases  described  in  Eqs.  (7). 
Concisely  stated,  we  have  the  following: 

n.j  <  0. 

Cn  =  -15.  Ch  =  -4  (bright  on-axis  intensity),  (7a  ) 


C„  =  -15,  Ch  =  4 

c„  -  -15,  r„*o 


(dark  on-axis  intensity),  (7b') 
(transition  region).  (7c') 


RADIAL  INTENSITY  DISTRIBUTION 

The  profound  effects  of  the  phase  factor  0(_v)  on  the  on -axis 
intensity  are  also  reflected  in  the  radial  intensity  distribu¬ 
tion.  The  effects  become  apparent  when  C„  (which  depends 
on  the  incident  intensity  In)  assumes  a  value  of  the  order  of 
or  greater  than  2ir.  In  that  case,  there  is  a  phase  shift  of 
more  than  2ir  experienced  by  the  central  portion  of  the  beam 
compared  with  the  wing  portion.  Since  these  two  portions 
could  have  the  same  propagation  constant,  they  could  there 


■  'll, 1  1  ,'-s- 


Fig.  ia)  Plot  of  the  radial  intensit  y  distribution  t  in  units  of  a- 1  as 
a  function  of  increasing  input  intensity  corresponding  to  case  t a i  in 
Kqs.  1 7l  cbl  Plot  of  the  radial  intensity  distribution  as  a  function  of 
increasing  input  mtensiu  for  case  tin  in  Kqs  1 7 » .  let  Plot  of  the 
radial  intensity  distribution  as  a  function  of  increasing  input  mten- 
>ity  tor  case  lc>  in  K<^s  i7) 


y .  « . 
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fore  produce  interference  effects  in  the  transmitted  radial 
intensity  pattern.  Following  the  analysis  in  the  preceding 
sections,  we  expect  that  these  radial  dependences  will  be 
quite  different  for  various  combinations  of  the  values  of  Ca 
ana  C Again,  we  can  classify  the  intensity  distributions  in 
accordance  with  the  three  cases  defined  in  Eqs.  (7)  [or  in 
Eqs.  (7')  if  we  deal  with  negative  n2). 

For  case  (a),  the  intensity  distribution  is  Gaussian  at  low 
incident  intensity,  as  depicted  in  Fig.  3(a).  As  the  incident 
intensity  is  increased,  the  power  from  the  central  region 
appears  to  be  pushed  out  into  the  wing  region;  the  whole 
distribution  assumes  a  doughnut  form,  with  the  central  in¬ 
tensity  progressively  suppressed.  A  further  increase  in  the 
incident  intensity  shows  that  the  central  intensity  begins  to 
rise  slightly  and  a  second  ring  is  pushed  out.  Relative  to  the 
value  of  the  first  peak,  the  central  intensity  is  always  lower, 
and  thus  one  may  say  that,  for  this  case,  the  intensity  distri¬ 
bution  is  characterized  (at  high  incident  intensity  /0)  by  a 
dark  central  region  surrounded  by  rings. 

For  case  (b),  the  intensity  distribution  (at  high  incident 
intensity  Io)  is  characterized  by  a  bright  central  region 
(which  oscillates  as  a  function  of  the  incident  intensity,  but 
the  oscillation  minima  are  relatively  bright).  More  and 
more  rings  appear  on  the  wing  as  I0  is  increased. 

Case  (c)  (for  C&  =  0)  appears  to  be  a  mixture  of  cases  (a) 
and  (b),  and  we  can  thus  classify  it  as  a  transition  region. 
The  central  spot  appears  bright  or  dark  (i.e.,  the  minimum  is 
quite  pronounced)  as  I0  is  increased.  For  C*  <  0,  the  overall 
pattern  (not  shown)  tends  to  be  more  like  that  of  case  (a), 


crystal 


and  for  Cf,  £  0,  the  overall  pattern  tends  to  be  more  like  that 

of  case  (b). 

With  the  use  of  highly  nonlinear  thin  films  such  as  nemat¬ 
ic  liquid-crystal  films,  these  theoretical  results  can  be  ex¬ 
perimentally  verified.  For  a  nematic  film  and  a  laser-beam 
interaction  geometry  as  depicted  in  the  insert  in  Fig.  4,  the 
nonlinearity  n>  arises  from  the  reorientation  of  the  liquid- 
crystal  director  axis  by  the  optical  field.  For  a  laser-beam 
size  (to)  much  greater  than  the  film  thickness,  the  response  of 
the  medium  to  a  Gaussian  laser  beam  is  approximately 
Gaussian.8  For  typical  values  of  the  film  used  ( d  ~  100  ^m, 
d  =k  22°,  At  ~  0.8),  ri2  ~  10-4  cm2  W-1.  Figures  4(a)  and  4(b) 
are  the  transmitted  intensity  distribution  corresponding  to 
cases  (a)  and  (b)  [as  defined  in  Eqs.  (7) |,  respectively. 

For  Fig.  4(a),  the  radius  of  curvature  of  the  laser  (Ar+ 
5145-A  line,  ui  =  0.3  mm)  R  is  —100  cm  and  2  =  200  cm  (i.e.. 
1/2  +  1  /R  =  —1/200  cm-1).  The  intensity  pattern  coincides 
with  the  theoretical  one  discussed  in  the  preceding  section. 
On  the  other  hand,  Fig.  4(b)  [obtained  by  translating  the 
sample  to  a  plane  where  the  radius  of  curvature  R  =  400  cm, 
and  2  =  400  cm  (i.e.,  1/2  +  1/ft  =  1/200  cm-1)]  depicts  the 
intensity  distribution  typical  of  case  (b)  described  above. 

We  have  not  included  here  a  detailed  analysis  of  the  num¬ 
ber  of  rings  appearing  as  a  function  of  intensity  in  view  of  the 
work  by  Santamato  and  Shen.s  These  authors  discuss  the 
problem  (for  d  -  0  in  a  nematic  film )  of  these  ring  formations 
on  the  basis  of  the  curvature  (R)  effect  alone.  As  our  pre¬ 
ceding  discussion  shows,  it  is  more  appropriate  to  consider 
the  problem  by  considering  2  and  R  together  through  the 


Kig.  4  (at  Experimentally  observed  tar  field  intensity  distribution 
of  a  laser  beam  alter  its  passage  through  a  nonlinear  thin  film  tor 
ease  (a  t  defined  in  Eqs  1 7l.  i.e..  for  1  7.  +  !  ft  <  0  The  insert  shows 
the  geometry  ot  the  laser  polarization  with  respect  to  the  nematic 
1 1 1  "■  director  axis  in  a  hnmeotropically  aligned  nematic  film,  (hi 
Experimentally  observed  far  field  intensdv  for  conditions  corre¬ 
sponding  to  that  defined  in  case  ihl  in  Kqs.  1 7i.  i.e..  1  /  f-  I  ft  >  0 
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factor  1  /Z  +  l/R  in  Ct,.  For  the  radius  of  curvature  R  =  -200 
cm  used  in  Fig.  4(a),  one  can  move  the  observation  plan  to  Z 
=  200/3  cm.  In  that  case,  even  though  R  is  negative,  1/Z  + 
l/R  gives  1/100,  and  we  observed  an  intensity  distribution 
resembling  that  of  Fig.  4(b)  rather  than  Fig.  4(a). 

RELATION  TO  TRANSVERSE  BISTABILITY 

The  major  role  that  the  diffraction  geometrical  factor  C* 
plays  in  the  transverse  self-phase  modulation  processes  is 
also  manifested  in  transverse  optical  bistability,  which  oc¬ 
curs  if  part  of  the  transmitted  intensity  is  reflected  back 
onto  the  nonlinear  film. 1  In  that  case,  the  nonlinear  phase 
</>ni,  in  Eq.  (3)  contains  an  additional  term  that  depends  on 
the  reflectivity  Rm  of  the  mirror,  i.e.,  we  have  4>ni.  '  0ni/. 
where  0mi.'  is  given  by 

<t>si,‘  -  exp^— ' +  RmIir,,  Z)j-  (8) 

where,  for  convenience,  we  have  assumed  that  the  mirror  is 
placed  halfway  between  the  film  and  the  observation  plane. 
Given  Eqs.  ( 1 )  and  (8),  one  can  see  that  l(rif  Z)  is  a  function 
of  an  integral  involving  itself  and  may  therefore  contain 
multiple  solutions.  From  a  more  physical  point  of  view,  the 
mirror  partially  images  (for  R  ^  1)  the  transmitted  intensity 
distribution  /(rt,  Z)  onto  the  film.  For  the  reflected  part  to 
reinforce  the  phase  shift  caused  by  the  Gaussian  laser  beam 
on  the  film,  the  intensity  must  also  be  of  a  similar  type  of 
distribution,  i.e.,  the  central  portion  must  be  bright  and 
remain  bright  at  higher  intensity.  This  would  occur  if  the 
geometrical  condition  described  by  Ch  were  such  that  C\ 
were  positive,  i.e., 


V  =  ur k(l/2Z  +  1/2 R  -  2n,Iltd/u-  -  n  ,dRmA.,),  (14) 


Mz+*): 


To  get  a  quantitative  expression  for  the  geometrical  rela¬ 
tionship.  we  shall  reexamine  here  the  switching  conditions 
for  transverse  bistability.  Following  the  theoretical  devel¬ 
opment  of  Ref.  3,  the  transmitted  intensity  distribution  f(r |, 
Z),  as  well  as  the  incident  intensity,  is  expanded  in  a  series 
form: 

/(r,,Z)  =  V  <-!)M,„r,-".  GO) 

>1=0 

We  will  consider  only  the  first  two  terms  in  the  expansion. 
Our  previous  study  has  shown  that  one  can  include  all  the 
terms  in  the  incident  intensity,  i.e..  a  complete  Gaussian 
function,  but  the  results  for  switching  behavior  and  condi¬ 
tion  are  not  appreciably  different.  We  make  this  two-term 
approximation  here  for  simplicity  of  presentation.  The  so¬ 
lutions  for  n,,  and  A  .  are  found  by  solving  the  equations 

H,  -«,r=(l  +  ( (11) 


8c '( 1/2Z  +  1/2 R  -  : In.l.d /w’> 

Rn.i.dJ'k' 


R  n  I  <r/, 


,[*,,/  2n,l„d 

4 Z-  (u>-kr-  +  1/2 Z  +  1/2 R  -  -  n-,dR„,A  , 


The  analysis  for  the  switching  condition  is  most  easily  done 
by  solving  for  U  in  Eq.  (11)  by  graphic  means.  Figure  5 
shows  a  plot  of  the  functions  R\  -  B4'  and  ( 1  +  It  is 

obvious  that,  starting  with  /»  =  0,  the  straight-line  function 
will  begin  to  acquire  a  smaller  negative  slope,  while  its  inter¬ 
cept  will  move  toward  the  left.  In  order  for  triple-valued 
solutions  for  U  (and  therefore  for  A»  and  A->)  to  occur,  a 
sufficient  condition  is  that  the  magnitude  of  the  slope  of  R i 
-  Rd  ’  (which  is  negative)  be  less  than  the  maximum  magni¬ 
tude  of  the  tangent  (m)  to  the  bell-shaped  function  on  the 
positive- (/  side.  Suppose  that  this  occurs  at  an  optical  in¬ 
tensity  /,,  i.e.,  that  the  sufficient  condition  is 

m(/, )  >  —1 .04,  (16) 

where  1.04  is  the  maximum  magnitude  of  the  tangent  to  the 
function  (1  +  Lr-r-.  Correspondingly,  the  intercept  6t,  of 
R {  —  R>U  with  the  U  axis  is  given  by 


From  Eq.  (1?)  we  get 


2n  .dk  [  2  \Z  R) 


Note  that,  at  /  =  0.  />,(/  =  0)  >  1.12  for  Eq.  ( 17)  to  be  obeyed. 
This  means  that  the  term  inside  the  square  brackets  on  the 
right  -hand  side  of  Eq.  (18)  must  be  positive.  Inequality  (16) 
states  this  more  precisely. 

From  inequality  (16)  we  get  the  sufficient  condition  for 
bistability  as 


+  m8Z4 
\R  Z/J  Rj^kV 


Am 


o.c  B,'  U 

Fin  V  (Mo!  of  (hr  In iu  imns  fil  -  H  l  'and  <  1  +  1')  tin  solving  I 
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Comparing  condition  (20)  with  condition  (19),  which  is  ob¬ 
tained  by  our  self-phase  modulation  diffraction  theory,  we 
see  that  inequality  (20)  confirms  our  assertions  exactly. 
Furthermore,  the  right-hand  side  of  inequality  (20)  (for  a 
given  Z,  X,  ui,  and  Rm)  provides  us  with  a  numerical  value 
(positive)  for  the  geometry  whereby  transverse  bistability  is 
expected. 

We  mention  that,  for  the  negative  n:  case,  the  conditions 
for  the  intensity  distribution  are  almost  mirror  images  of  the 
positive  n<  case.  One  can  proceed  in  an  analogous  fashion 
and  derive  the  condition  for  transverse  bistability  to  occur 
and  obtain  the  condition  (n  >  <  0) 

'  (fl  z]  [tt„i«  kr  J 


Since  Z,  u>.  and  X  are  all  positive  quantities,  this  condition 
means  that,  for  negative  n>,  the  incident  laser  beam  must  be 
of  negative  radius  of  curvature,  and  the  mirror  displacement 
IZl/2  from  the  sample  must  not  be  larger  than  ifll/2.  Notice 
here,  of  course,  that  for  n>  <  0  the  condition  in  inequality 
(21)  would  ensure  that  the  feedback  onto  the  sample  consists 
of  an  intensity  distribution  that  is  bright  in  the  on-axis 
region,  i.e.,  a  positive  feedback. 

Relations  (20)  and  (21)  can  be  put  into  an  even  more  lucid 
form  if  we  define  a  so-called  confocal  parameter  Z'  =  7ru>-/X. 
They  become,  respectively, 
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(for  n.,  <  0). 


Notice  heie  that  these  conditions  for  bistability  are  strictly 
geometrical  and  are  independent  of  the  value  for  n  >.  Bista¬ 
bility  does  depend  on  the  mirror  reflectivity  Rm. 

CONCLUSION 

We  have  studied  the  problem  of  the  transmitted  transverse 
intensity  distribution  of  a  Gaussian  laser  beam  after  its 
passage  through  a  nonlinear  thin  film.  We  found  that,  for 
both  positive  and  negative  nonlinearities,  one  can  group 
together  the  geometrical/optical  parameters  involved  into 
three  distinct  classes.  These  classifications  allow  us  to  gain 
further  insights  into  the  conditions  for  transverse  optical 
bistability.  Most  of  these  conclusions  are  quite  general  in 
nature  and  may  provide  a  good  guide  for  experimental  stud¬ 
ies. 
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PROBE  BEAM  AMPLIFICATION  VIA  TWO  AND  FOUR  WAVE 
MIXING  IN  A  KERR-LIKE  (LIQUID  CRYSTAL) 

MEDIUM 
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Abstract 

Probe  beam  amplification  in  a  Kerr-like  medium,  e.g.  a 
nematic  liquid  crystal  film  via  2-wave  mixing  is  possible 
if  it  is  stoke  shifted  relative  to  the  pump  beam.  We 
report  experiment  observation  of  this  effect  and 
contribution  from  other  multi-wave  mixing  effects. 

Introduction 

Two  wave  mixings,  which  were  observed  as  early  as  the 
60’s  by  several  workers,  have  received  considerable  renewed 
interests  recently.  In  particular,  for  photorefracti ve 
materials  where  the  medium  responses  are  nonlocal  (l.e.  the 
refractive  index  grating  is  shifted  relative  to  the 
intensity  grating  formed  by  the  two  incident  light),  these 
weak  beam  amplification  effects  have  led  to  several 
interesting  applications.  For  Kerr-like  medium,  i.e. 
where  there  is  no  phase  shift  between  these  two  gratings, 
the  gain  of  the  weak  beam  via  two  wave  mixing  process  can 
be  achieved  if  a  small  frequency  shift  is  imparted  on  the 
weak  beam  relative  to  the  strong  pump  beam.  As  analyzed  by 
Yeh1  recently,  for  a  Kerr  medium,  the  complex  phase  shift 
Imparted  on  the  refractive  index  grating  is  related  to  the 
frequency  shift  (1  by 


where  t  is  the  relaxation  time  of  the  medium.  The 
frequency  shift  4>  appears  in  the  coupled  wave  equations  for 
the  amplitudes  A^  and  Aj  of  two  laser  beams  in  a  typical 
pump  probe  experiment  set  up. 
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where  z  13  the  direction  of  propagation  of  the  wave,  k  is 
the  propagation  constant  along  z,  iu  is  the  frequency  of  the 
light,  n0  is  refractive  index  of  the  medium  in  the  absence 
of  optical  field  interactions,  and  ng  is  the  nonlinearity 
coefficient.  An  exact  solution  of  equation  (2)  and  (3) 
shows  that  for  <p=0 ,  no  gain  or  loss  mechanism  is  possible. 

In  our  experiment,  the  strong  and  a  much  weaker  probe 
beams  are  derived  from  a  linearly  polarized  Ar+  laser  (5145 
A  line).  The  liquid  crystal  used  is  a  hometropically 
aligned  PC8  ( Pentyl-cyano-biphenyl )  nematic  film  of  200um 
thick.  The  lasers  propagate  at  an  angle  6  relative  to  the 
nematic  axis.  The  film  13  maintained  at  room  temperature 
(22° C).  The  crossing  angle  between  the  two  lasers  are 
varied  from  about  1/300  to  10-2  radians.  Frequency 
shifting  of  the  probe  beam  is  achieved  by  translating  a 
mirror  that  directs  the  beam  to  the  sample  at  a  rate  of  one 
optical  wavelength/sec2. 

Figures  la-c  summarize  30me  of  the  experimental 
results,  obtained  for  a  pump  to  probe  beam  ratio  of  about 
200:1.  The  laser  beam  size  is  about  3mm2,  and  the  pump 
power  is  about  35mWatt. 

At  a  crossing  angle  of  0.007  radian,  for  example,  one 
notes  that  the  probe  beam  experiences  no  gain  (circle). 

When  the  probe  frequency  is  downshifted,  there  i3  a  gain 
(triangle).  On  the  other  hand,  if  the  probe  beam  is 
frequency  upshifted,  it  experiences  a  I033  (square).  A 
measurement  of  the  probe  gain  at  this  crossing  angle  also 
shows  that  the  gain  is  an  Increasing  function  of  the  pump: 
probe  beam  ratio  m,  reaching  a  "saturated"  value  at  m*100. 
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What  is  interesting  about  figures  lb  is  that  at 
smaller  crossing  angle,  the  probe  beam  experiences  a  large 
gain  even  without  the  frequency  3hift.  We  attribute  this 
gain  as  arising  from  four  wave  mixing  process  involving  the 
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scattering  of  the  pump  beam  (Into  the  probe  beam  direction) 
from  a  grating  formed  by  the  pump  beam  with  the  diffracted 
beam  on  the  side  of  the  pump  beam.  Our  experimental  result 
shows  that  Imparting  a  negative  frequency  shift  to  the 
probe  further  enhances  this  gain  while  a  positive  frequency 
shift  causes  loss. 


The  overall  dependence  of  the  gain  on  the  wave  mixing 
angle  is  also  consistent  with  our  earlier  theory  and 
observation  that  increasing  the  wave  mixing  angle,  i.e. 
smaller  grating  constant,  will  diminish  the  molecular 
reor lentational  response’.  This  is  due  to  the  fact  that 
molecules  situated  at  the  intensity  minima  will  create 
torques  on  molecules  at  the  intensity  maxima  that  reorient 
with  respect  to  the  field.  Maximal  response  is  obtained 
for  grating  constant  on  the  order  of,  or  larger  than  the 
nematic  film  thickness. 


A  complete  detailed  account  of  the  theory  and 
experiments  will  be  Dresented  in  a  longer  article 
elsewhere. 
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We  present  the  results  of  a  detailed  study  of  degenerate  multi  wave  mixing  mediated 
nanosecond  1.06/rm  pulse  amplification  in  silicon,  taking  into  account  higher  order  diffracted 
beams,  self-phase  modulation,  pump  depletions,  intensity-dependent  absorption  losses, 
electron-hole  plasma  attenuation,  and  other  geometrical  optical  parameters.  Excellent 
agreements  between  theory  and  experiment  are  obtained. 


Degenerate  optical  wave  mixings  in  highly  nonlinear 
media  such  as  photorefractive  crystals,  semiconductors,  liq¬ 
uid  crystals,  and  organic  materials  have  been  vigorously 
studied  in  the  past  few  years. 17  Among  the  various  optical 
processes  that  are  of  fundamental  and  applied  importance, 
phase  conjugation  and  amplification  of  a  probe  beam  have 
been  well  studied.  Recently,  we  have  shown  that  in  highly 
nonlinear  materials,  the  coupling  between  the  pump  and  the 
diffracted  beams  could  give  rise  to  substantial  amplification 
of  the  probe  beam,8g  using  liquid  crystal  as  the  nonlinear 
material. 

In  this  letter,  we  apply  our  multiwave  mixing  theory  to 
the  nanosecond  time  scale  in  the  semiconductor,  where  a 
fairly  large  Kerr-like  nonlinearity  can  be  induced  by  near¬ 
band-gap  excitation  with  1.06  pt m  laser  pulses.  Our  theory 
explicitly  and  self-consistently  accounts  for  several  physical 
processes  that  have  hitherto  been  overlooked  or  unaccount¬ 
ed  for  in  other  theories. la  "Asa  result,  new  theoretical  per¬ 
spectives  on  'he  wave  mixing  process  are  gained,  and  better 
agreements  with  theory  are  obtained. 

Figure  1  is  a  schematic  of  the  wave  mixing  geometry.  A 
pump  ( E |  )  and  a  probe  (£, )  beam,  coherent  with  respect  to 
each  other,  are  crossed  on  the  nonlinear  material,  creating 
an  intensity  grating.  For  simplicity,  both  beams  are  linearly 
polarized,  with  their  polarizations  parallel  to  each  other.  In 
silicon,  the  nonlinearity  is  isotropic  and  Kerr-like,  so  that 
degenerate  wave  mixing  mediated  probe  amplification  will 
occur  predominantly  via  the  pump-diffracted  (£,  )  beam 
coupling.  For  crossing  angles  that  are  small  (i.e.,  the  phase 
mismatch  is  small),  and  using  a  relatively  thin  sample  (in 
our  case  a  500-/zm  Si  wafer),  higher  order  diffracted  beams 
(two  orders  or  more)  are  generated.  In  the  limit  when  the 
probe  beam  is  weak  compared  to  the  pump  ( pump  to  probe 
ratio  >20),  the  diffracted  beams  can  be  substantial  com¬ 
pared  to  the  probe,  leading  to  substantial  probe  beam  ampli¬ 
fication.  and  higher  order  diffracted  beams  that  are  of  com¬ 
parable  intensity  to  the  probe. 

As  a  first-order  approximation  toward  a  more  accurate 
description  of  the  process,  therefore,  one  has  to  account  for 
all  these  diffracted  beams  and  their  interplays.  A  theory'1 
taking  into  account  up  to  second-order  diffracted  beams  has 
been  developed  for  a  general  nonlinear  medium,  which  takes 
into  account  these  multiwave  coupling  effects,  the  intensity- 
dependent  phase  shifts  experienced  by  all  the  beams,  t he 
phase  mismatches,  and  interaction  lengths. 

The  second-order  degree  of  accuracy  may  be  achieved 


by  accurately  accounting  for  the  dominant  processes  under 
!.06-/rm  nanosecond  laser  pulses  in  Si.  For  laser  pulses 
shorter  than  the  diffusion  and  recombination  times  of  the 
photogenerated  carriers  (via  indirect  valence-  to  conduc¬ 
tion-band  transitions  by  the  1.06 pm  radiation),  the  carrier 
concentration  N(t)  is  related  to  the  optical  intensity  I(t)  by 


dNU)  _  a(T) 
dt  ftoj 


(1) 


where  a  (T)  is  the  linear  absorption  constant  (which  is  tem¬ 
perature  dependent).  From  the  Drude  model,"1'  the 
change  in  refractive  index  is  then  given  by 


An  = 


—  e2ra(t)yi t 
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I{t). 


(2) 


One  refinement  that  can  be  made  to  this  estimate  for  An  is  to 
account  for  the  temperature  rise  and  the  free-carrier  absorp¬ 
tion  o,h.  The  temperature  Tis  described  by  the  equation  ( for 
short  pulse) 


C— =  o,h{T)t\'(t)I(t),  (3) 

at 

where  C  is  the  heat  capacity  per  unit  volume.  As  a  result  of 
these  temperature  dependences  of  the  various  parameters, 
and  the  dependence  of  the  temperature  on  the  optical  inten¬ 
sity,  which  in  turn  depends  on  these  parameters.  Eqs.  ( 1  )- 
( 3 )  must  be  solved  in  a  self-consistent  manner,  together  with 
the  coupled  multiwave  mixing  equations  ( of  Ref.  9 )  Details 
of  this  rather  lengthy  and  involved  computation  will  be  pre¬ 
sented  in  a  longer  article  elsewhere.  In  this  letter,  we  will 
report  some  of  the  important  theoretical  results  pertaining  to 
our  experimental  results. 
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PIG  1  Schematic  of  pump-probe  generated  multiwaxe  mixing?,  m  j  minim 
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In  our  study  of  pulse  amplification,  we  found  that  the 
free-carrier  absorption  is  particularly  detrimental  to  the  am¬ 
plification  process  at  the  high  end  of  the  range  of  pump  in¬ 
tensity  used  in  the  experiment  (up  to  8  MW/cnr).  Figures 
2 { a )— 2 ( c )  show  the  theoretically  calculated  attenuations  of 
the  pump  beam  in  traversing  a  500-jum-thick  Si  wafer  for  the 
experimental  conditions:  (pulse  length  r  =  20  ns;  A  =  1.06 
/im;  initial  temperature  T  =  300  K).  The  linear  absorption 
constant  a  is  10  cm  1  Figure  2(a)  shows  the  transmitted 
beam  intensity  if  only  the  linear  absorption  is  taken  into  ac¬ 
count — a  constant  80%  loss  for  any  input  pump  power.  On 
the  other  hand,  by  accounting  for  the  temperature  depen¬ 
dences  in  both  at,  T)  and  at,h  (T),  we  obtain  Figs.  2(b)  and 
2(c).  Figure  2(b)  shows  the  dependence  of  the  transmitted 
peak  intensity  I(t)  on  the  input  intensity.  It  shows  that  be¬ 
yond  an  input  intensity  of  about  3  MW/cnr,  the  transmitted 
intensity  actually  begins  to  drop  quite  dramatically  due  to 
the  free-carrier  absorption.  A  less  dramatic  effect  is  seen  if 
the  total  transmitted  power  is  monitored  [cf.  Fig.  2(c)  ]  (in¬ 
tegrated  over  the  laser  beam  width ) .  This  is  understandable 
since  the  central  portion  of  the  laser  suffers  greater  plasma 
attenuation. 14  Nevertheless,  the  transmission  curve  in  Fig. 
2(c)  also  shows  “saturation”  behavior  at  about  8  MW/cnr 
input  beyond  which  the  transmission  begins  to  drop  off.  Ex¬ 
perimentally,  this  intensity  dependence  manifests  itself  in 
the  appearance  of  a  darkened  central  spot  in  the  transmitted 
laser  pulse  at  high  intensity  (around  3 
MW/cnr).14  In  Ref  14,  the  transmitted  integrated  and  peak 
intensity  dependences  on  the  input  intensity  were  also  ex¬ 
perimentally  verified. 

We  have  studied  several  effects  associated  with  the 
nr  'tiwave  mixing  effects,  and  the  experimentally  observed 
data  are  in  good  agreement  with  the  theory  outlined  above. 
Specifically,  we  have  studied  the  probe  amplification  in  a  Si 
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wafer  under  the  following  experimental  conditions  [  Si  thick¬ 
ness  =  500 /rm;  incident  lasers  are/?  polarized  and  incident 
at  the  Brewster  angle  (about  60°)  of  the  Si  wafer;  refractive 
index  of  Si  =  3.56;  crossing  angles  between  the  probe  and 
pump  beams  are  varied  from  15  x  10  1  to  45  x  10  1  rad; 
pulse  duration  r  =  20  ns;  pump  to  probe  beam  ratio  of 
4500].  The  laser  pulses  are  obtained  from  a  passively  Q- 
switched  single  longitudinal  mode  (SLM)  Nd-YAG  laser. 
Data  are  recorded  with  a  Tektronix  R7912  transient  wave¬ 
form  digitizer  and  analyzed  only  for  good  SLM  operation. 
The  nearly  Gaussian  in  space  and  time  laser  pulses  are  de¬ 
tected  by  monitoring  both  the  pulse  energies  and  peak  inten¬ 
sity.  For  comparison  with  tneories,  we  use  the  data  for  the 
peak  intensity. 

Figures  3(a)  and  3(b)  are  typical  transient  waveform 
digitizer  traces.  The  upper  trace  [  3(a)  ]  is  the  probe  pulse  in 
the  absence  of  pump,  while  the  lower  trace  [3(b)  ]  is  when 
the  pump  is  present.  An  amplification  of  the  peak  intensity 
by  a  factor  of  6  is  obtained.  Figure  4  ( circles )  depicts  a  typi¬ 
cal  observed  probe  beam  gain  dependence  on  the  input  pump 
intensity,  where  the  gain  as  defined  by  probe  (presence  of 
pump)  —  probe  (no  pump)]/probe  (no  pump)].  The 
crossing  angle  (in  air)  between  the  pump  and  the  probe  is 
0.024  rad;  this  translates  to  a  grating  constant  A  of  44  pm. 
Using  the  value  of  diffusion  constant  D—  19  cm;/s.l:  the 
grating  diffusion  time  constant  tk  ( =  A 1/D)  is  25  ns.  Us¬ 
ing  these  values,  as  well  as  the  parameters  (m,.h  =  0.16  m,  : 
n  =  3.56;  heat  capacity  C=  0.7  J/g  K,  initial  temperature 
T  —  300  K),  the  theoretical  curve  [Figure4(b)  solid  line] 
based  on  the  theory  outlined  above  is  obtained.  It  shows  a 
very  good  agreement  with  the  experimental  results.  From 
the  theoretical  curve  [4(b)  ],  a  value  of  n:  =  2  x  10  i:  SI 
units  is  extracted.  Converting  to  the  usual  CGS  units  quoted 
in  the  literature,  we  obtained  a  =  4.4  ^,10  ’  esu. 
which  is  very  close  to  values  obtained  by  other  studies.1' 
Figure  4(b)  also  shows  that  the  “saturation"  in  the 
multiwave  mixing  gain  occurs  at  an  input  intensity  of  about 
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FIO  2  (a)  Plot  nf  transmitted  intensity  is  input  intensity  assuming  linear 
absorption,  showing  a  constant  transmission  of  600  f  b  >  Plot  of  the  inte¬ 
grated  transmission  vs  the  input  intensity  t  ■  I  Plot  of  the  peak  central  trans¬ 
mission  vs  the  input  intensity 
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FIO  }  id)  Oscilloscope  trace  off  he  transmitted  probe  beam  in  the  absence 
of  the  pump  beam  [hi  (  Kcilloscope  trace  of  tile  transmuted  probe  beam  in 
the  presence  of  the  pump  beam 
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FIG.  4.  (circles)  Experimentally  observed  probe  beam  peak  intensity  gain 
as  a  function  of  the  input  beam  intensity,  (b)  Theoretical  fit  using  the 
multiwave  mixing  theory  described  in  the  text,  (c )  Theoretical  curve  based 
on  usual  degenerate  four-wave  mixing  theory  alone. 


6  MW/cm2.  On  the  other  hand.  Fig.  4(c)  is  a  theoretical 
curve  calculated  without  accounting  for  the  free-carrier  ab¬ 
sorption,  and  it  shows  large  deviation  from  the  experimental 
results  at  high  pump  intensities.  Saturation  behavior  in  de¬ 
generate  four-wave  mixings  in  other  semiconductors  has 
also  been  observed  by  others.15  However,  in  these  studies, 
the  effects  of  the  diffracted  beams  in  the  multiwave  mixings 
leading  to  probe  beam  gain  were  not  included.  In  our  study, 
the  probe  beam  gain  is  due  mainly  to  the  pump-diffracted 
beam  coupling  and  saturation  behavior  can  come  from  the 
pump  laser  induced  electron-hole  plasma  formation,  and/or 
the  multiwave  coupling  effects  (cf.  Ref.  9). 

These  multiwave  mixing  mediated  probe  amplification 
processes  are  very  sensitive  to  the  pump  to  probe  beam  ratio. 
Obviously  for  a  pumpiprobe  ratio  of  unity,  there  will  be  no 
gain.  Figure  5  (circles)  shows  the  experimentally  observed 
probe  gain  as  a  function  of  the  pump  to  probe  beam  ratio  ( for 
a  fixed  input  pump  energy  of  5.5  mJ).  The  laser  beam  width 
is  4  mm  in  diameter  at  the  location  of  the  Si  wafer,  and  thus 
the  energy  per  unit  area  is  4 1  mJ/ cm2  ( or  intensity  of  about  1 
MW/cm;.  where  the  free-carrier  absorption  effect  is  not  too 
large).  For  this  lower  intensity  pump  beam  we  have  to  use  a 
larger  grating  constant  ( i.e. ,  smaller  crossing  angle  f).  In 
our  experiment,  we  use  0dir  —  16  X  10  3  rad,  corresponding 
to  a  grating  constant  of  about  100  fim,  and  a  diffusion  time 
constant  rH  =  54  ns.  The  solid  line  is  the  theoretical  curve 
calcu’ated  using  the  multiwave  mixing  theory  as  outlined  in 
Eqs.  ( 1 ) — ( 5 ) .  The  theory  fits  the  experimentally  observed 
dependence  very  well,  and  gives  a  value  of  «,  =  3.5  X  10 
SI  units  (fl3)  of  7.7x  10  7esu).  The  higher  nonlinear  coef¬ 
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FIG  5.  Circles  are  experimentally  observed  probe  gain  as  a  function  of  the 
pump  to  probe  beam  ratio.  Solid  line  is  the  theoretical  fit 


the  probe  beam  and  must  be  properly  accounted  for  in  the 
theory.  Details  of  these  experimental  results  and  their  corre¬ 
sponding  theoretical  analysis  will  be  reported  in  a  longer 
article  elsewhere.  In  this  letter,  we  have  shown  that  it  is  pos¬ 
sible  to  obtain  substantial  probe  beam  gain  via  this  pump- 
diffracted  beam  coupling,  and  good  agreement  with  our  de¬ 
tailed  multiwave  mixing  theory.  Extension  of  our  theory  and 
experiment  to  the  picosecond  time  scale  and  other  nonlinear 
semiconductor  materials  is  also  possible. 
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ficient  is  due  to  the  larger  grating  constant  used,  which  al¬ 
lows  the  buildup  of  higher  refractive  index  modulation. 

We  have  also  studied  the  probe  beam  amplification  de¬ 
pendence  on  the  wave  mixing  angle  (i.e.,  grating  constant), 
the  thickness  of  the  silicon  wafer,  and  the  diffracted  beam 
iiifuisities  as  a  function  of  the  input.  In  genera!,  we  note  that 
for  samples  of  thickness  <  1  mm  under  the  range  of  wave 
mixing  angle  used,  multiorder  diffractions  are  observed. 
These  diffractions  play  a  central  role  in  the  amplification  of 

527  Appi  Pnys  Letl  Vol  52.  no.  7.  t5  February  1988 


"R.K  Jam  und  MB  Klein.  Appi  Plus.  Lett  35, 454  i;  H  J  Eiehler 
and  M  Glotz.  1987  I nternai tonal  Quantum  Electronics  Conference  Tech¬ 
nical  Digest,  pp  12-13 

1  H  J  Eiehler.  Opt  Common  45.  62  (  1983);  J  P  Heritage  and  F  A. 
Beisser.  IEEE  J  Quantum  Electron  QE-17.  2351  i  1981  ) 

K  G  S>  an  lesson  and  N  G  Nilsson.  J  Phvs.  C  12.  383"  i  19-9  > 

I4R.  Normandin.  Can.  J  Phvs  .  Dec  issue  (  198" )  see  also  R  Normandm. 
Opt.  Leu  11  -51  f  1986' 

‘See.  for  example.  R  K  Jam  and  R  C  Lind.  J  Opt  Soc  Am  73.  64^ 

( 1983);  also  R  K  Jam.  M  B  Klein,  and  R  C  Lind.  Opt  Lett  4,  328 
{  1979). 

I  C  Miuu  di»o  R  Normandm  327 


3 


1 


UM'urt.i'i.i'u 


From:  NONLINEAR  OPTICAL  AND  ELECTROACTIVE  POLYMERS 

Edited  by  Paras  N.  Prasad  and  Donald  R.  Ulrich 
(Plenum  Publishing  Corporation,  1988) 


NONLINEAR  OPTICAL  PROCESSES  AND  APPLICATIONS  IN  THE 


INFRARED  WITH  NEMATIC  LIQUID  CRYSTALS 


I.  C.  Khoo 


Department  of  Electrical  Engineering 
The  Pennsylvania  State  University 
University  Park,  PA  16802 


ABSTRACT 


Nematic  liquid  crystal  films  possess  several  unique  characteristics 
for  applications  in  optical  wave  mixings  and  beam  amplif ications  in  the 
infrared  spectral  region.  We  present  new  theoretical  understandings  of 
optical  multiwave  mixing  and  beam  amplifications  in  nematic  liquid 
crystal  films. _  Low  power  laser  beams,  with  intensities  of  the  order  of 
a  few  Watts/cm^,  are  found  to  be  sufficient  to  generate  large  useful 
effects,  in  conjunction  with  the  director  axis  reorlentational  and 
thermal  nonl i near  j. ties  . 


INTRODUCTION 

The  unique  characteristics  of 
cholesteric2  mixtures  for  infrared 
applied  in  several  electro-optical 
They  are  relatively  transparent  in 
birefringence  (An  =  0.2),  and  large 
to  110°C)  nematics  are  readily  aval 
temperature  ranges  can  be  achieved 
addition  to  their  well  established 
low  cost. 


nematic  liquid  crystals1  and  nematic- 
applications  have  been  recognized  and 
switching  and  modulation  devices, 
the  infrared;  they  possess  large 
operating  temperature  range  (-20°C 
lable  commercially,  and  larger 
with  suitable  mixtures.  This  is  in 
fabrication  technique,  stability  and 


Nematic  liquid  crystals  are  also  potentially  excellent  candidates 
for  nonlinear  optical  processes.  In  addition  to  the  characteristics 
mentioned  above,  they  naturally  possess  two  mechanisms  for  strong 
optical  nonlinearities,  namely,  the  director  axis  reorlentational 
nonlinearity^  and  their  large  thermal  index  gradients  near  the  phase 
transition  temperature  Tc**.  In  conjunction  with  visible  lasers,  these 
nonlinearities  have  been  successfully  utilized  in  a  myriad  of  optical 
processes  including  bistability,  switching,  phase  conjugation, 
stimulated  scatterings,  etc. 5  in  some  of  these  processes,  for  example, 
self-diffraction  and  beam  amplifications?,  it  was  theoretically  and 
experimentally  shown  that  the  efficiency  of  the  process  (via 
orientational  nonlinearity)  is  critically  dependent  on  the  grating 
spacing;  the  efficiency  increased  tremendously  with  the  increase  in 
grating  constant.  With  visible  lasers,  larger  grating  constants  require 
correspondingly  smaller  crossing  angles  between  the  interference  beams; 
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large  grating  constants  (>200ura)  require  that' thd 'vfslble  laser  be 

.  .  ,  .  -3  •  ;  r  3 

crossed  at  very  small  angles  (<2  x  10  rad),„ma)<l«g(  any  practical 

applications  very  cumbersome.  As  we  will  presently  see,  thermal  grating 
mediated  nonlinear  effects  are  also  critically  dependent  on  the  grating 
constant  in  a  similar  fashion.  Thi3  special  requirement  on  the  grating 
constant  is  easily  fulfilled  with  long  wavelength  (e.g.,  CO2)  lasers. 


The  underlying  mechanism  for  phase  conjugation,  bistability,  and 
other  processes  mentioned  above  are  Jite  well  known.  In  this  paper, 
therefore,  we  will  discuss  in  detai.  a  new  wave  mixing  processes  that 
have  recently  been  demonstrated  using  nematic  liquid  crystal  films, 
namely,  thermal  grating  mediated  beam  amplification  via  four  wave  mixing. 
As  we  will  presently  see,  the  process  is  particularly  relevant  to 
infrared  application  because  of  its  requirement  for  a  large  grating 
constant  for  efficient  wave  mixing. 


THERMAL  GRATING  MEDIATED  MULTIWAVE  MIXING 

Consider  the  geometry  of  the  laser-nematic  interaction  as  depicted 
schematically  ir.  Fig.  1.  The  two  lasers  (pump  and  probe)  produce  an 
intensity  grating  in  the  x-directton  (on  the  plane  of  the  paper).  We 
shall  consider  the  case  where  the  pump  beam  is  much  stronger  than  the 
probe  beam  in  intensity.  The  physics  of  the  multibeam  couplings  and 
heat  diffusion  in  this  system  are  described  by  the  heat  diffusion 
equation  and  the  Maxwell  wave  equation,  respectively. 
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where  E  is  the  optical  electric  field,  Pjjl  the  nonlinear  polarization,  T 

the  temperature,  a  the  absorption  loss  coefficert,  and  Dj.  and  0/y  ere 
the  thermal  diffusion  constant  for  direction  perpendicular  and  parallel 
to  the  director  axis,  respectively. 

In  the  plane  wave  approximation,  the  pump  (Eg),  probe  (E^)  and 
diffracted  beams  (Ej)  may  be  expressed  as  follows: 


ik„  •  r 

_  ,  ,  ,  ,  0  ikz 

E  (z)  -  e.(z)  e  =  £.  e 

0  u  0 


i  k  *  p 

_  ,  .  ,  .  1  ikz  cos  9  +  ikx  sin  0 

E1(z)  =  e^z)  e  "  el  e 


(3) 
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i  k  *  p 

_  ,  ,  ,  .  2  ikz  cos  9  +  Ikx  sin  0 

E^(z )  -  e^(z)  e  "  c2  e 

where  k  =■  nu/c.  Note  that  kg  is  along  the  z-direction. 

The  generated  polarization  is  given  by 
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where  Tq  is  the  initial  equilibrium  temperature,  and  AT  is  the 
temperature  rise. 

Consider  the  |  E  |  2  term  on  the  right  hand  side  of  (2).  Using  (3), 
we  have 

I  E  |  2  -  (|  Ej  2  ♦  |  Ej|  2  ♦  |  Ej  2  -  E^*  ♦  ExE2*  ♦  E0E2*1  *  [c.c] 

,1  |  2  i  |  2  ,  |  2  *  ikx  sin  0  *  ikx  sine 

"  (N  +  I  £ll  +  I  £J  +  e0el  6  +  C0e2  6 

*  2ikx  sin  6,  ,c. 

+  e1e2  e  i  ♦  c.c.  i5) 

where  for  small  6,  we  have  approximated  l-cos9  *  0,  i.e.,  we  shall 
include  effects  coming  from  the  first  order  in  6.  Furthermore,  in  view 
of  the  fact  that  e^  and  are  mueh  smaller  than  e0  (usually  eg  is 
about  10^  times  or  ej).  we  have 

I  E  I  2  ■  I  Ej  2  -  I  Ex)  2  ♦  |  E.j  2  ♦  (EqE^  *  E2Eq*)  e'iB0x 
*  *  i8nx 

+  ♦  £q£2  )  e  u  +  negligibly  small  terms  (6) 

where  Bq  h  k  sin  e* 

If  the  laser  beam  sizes  are  much  larger  than  the  grating  constant 
and  the  film  thickness,  then  the  solution  for  the  temperature  rise  AT 
may  be  expressed  in  the  form 

AT ( x , z )  -  f Q ( z )  ♦  f x ( z )  e"iS°X  +  £  (z)  ei6°X  (7) 

Substituting  (6)  and  (7)  into  (2)  gives 


“  (|  ej  2  ♦  |  £j|  2  ♦  |  cj  2) 

(8) 

D/vfr  *  “  (e0ei*  *  e0E2*) 

(9) 

DJ_S0  f2  “  °//f2"  '  “  (eie0  +  E0E2  5 
In  standard  differential  equation  forms,  (8)  -  (10)  become 
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From  (4)  and  (7),  we  get 
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Substituting  these  polarization  terms  Into  the  corresponding  Maxwe’ 1 
equations  for  Eg,  £i  and  ej  and  using  the  usual  slowly  varying  envelope 
approximation®  yields 
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where  we  have  Included  the  effect  of  the  absorption  loss  in  the  last 
term  on  the  R.H.S.  of  (17)  -  (19). 


The  coupled  equations  for  the  temperature  distribution  (11)  -  (13) 
and  the  Maxwell  equations  for  the  pump,  probe  and  diffracted  beams  (17) 

-  (19)  form  the  basis  for  our  theoretical  and  experimental  studies  of 
the  various  wave  mixing  processes  (such  as  diffraction,  beam 
amplification)  that  are  mediated  by  the  thermal  grating.  In  this  paper, 
we  shall  limit  our  discussion  to  the  possiblity  of  probe  beam 
amplification  via  the  pump-diffracted  beam  coupling,  and  some 
experimental  confirmation. 

In  analogy  to  similar  wave  mixing  effects  in  a  Kerr  medium?,  the 
optical  intensity  grating  terms  on  the  R.H.S.  of  (11)  -  (13)  may  be 
classified  into  two  distinct  types.  One  arises  from  the  interference 

»  » 

between  the  pump  and  the  probe  beam  (e.g.,  e^e ^  and  s^e^  ),  which  can 

give  rise  to  probe  beam  gain  only  if  the  resulting  refractive  index  is 
appropriately  phase  shifted  to  the  Intensity  grating.  The  other  arise 

• 

from  the  interference  between  the  pump  and  the  diffracted  beam  (eqe2 

« 

and  e2eq  ),  which  can  give  rise  to  probe  beam  gain  without  the  phase 

shift  requirement.  This  observation  is  borne  out  in  the  numerical 
solutions  of  equations  (17)  -  (19). 


Figure  2  shows  a  plot  of  the  probe  beam  intensity  as  a  function  of 
the  reduced  distance  z/d,  for  the  parameters  Ig  -  80  watt/cm2,  1^  *  0.8 
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Plot  of  the  probe  beam  intensity  as  a  function  of  the 
reduced  distance  z/d,  showing  amplification  effect. 


Plot  of  the  probe  beam  gain  as  a  function  of  the  grating 
constant . 


wmj  tfu  wvk.i  ^  V-V-V^J  'A1  L*,  iJJ  U>J  Ui,M,M. 


watt/cm2  (l.e,  a  pump/probe  ratio  of  100  to  1),  a  grating  constant  of 


A  -  - — —. —  *  300pm, 

2  sin(a/2) 

d  -  100pm,  a *80  cm'1  and  dn/dT  -  dn°/dT  -  IO^k'1 


It  shows  a  rather  interesting  result,  l.e.,  that  the  probe  beam 
Intensity  can  be  amplified  by  more  than  200$  In  traversing  this 
hlgh-loss,  but  also  highly  nonlinear  medium.  For  a  different  value  for 
a[a  -  20  cm"*],  we  have  also  studied  the  dependence  of  the  probe  gain  as 
a  function  of  the  grating  constant  (c.f.,  Fig,  3,  which  shows  that 
larger  gain  can  be  achieved  at  larger  grating  constant).  The  physical 
reason  is  that  larger  grating  constant  can  sustain  larger  temperature 
modulation,  and  therefore,  a  higher  refractive  index  grating  modulation. 

Figure  4  is  a  schematic  of  the  experimental  setup.  A  TFMqo  COj 
laser  beam  (Advanced  Kinetic  Power-Lase  50)  operating  at  very  modest 
powers  is  split  into  a  strong  pump  and  a  weak  probe  beam  (Pump/probe 
Intensity  ratio  is  60)  and  is  overlapped  on  the  sample  at  an  (external) 
crossing  angle  of  2.3°  (corresponding  to  a  grating  constant  of  about 
500pm).  The  beam  diameter  on  the  sample  is  4mm.  The  pump  power  is 
varied  from  1.7  to  3*3  watt,  and  the  power  of  the  transmitted  probe  beam 
is  monitored.  The  film  is  fabricated  using  ZnSe  plates  coated  with 
surfactant  for  homeotropic  alignment.  The  liquid  crystal  used  is  PCB 
( Pentyl-cyano-blphenyl )  and  the  film  is  120pm  thick,  maintained  at  a 
room  temperature  of  22°C.  PCB  has  been  shown  in  a  previous  study2  to 
have  good  transmission  characteristics  at  10.6pm.  However,  it  does 
absorb  appreciably  at  10.6pm  (for  d*100pm,  a  *  80  cm"l)  for  thermal 
grating  effects  to  occur  readily. 

At  an  input  pump  power  of  1.7  watt  (which  amounts  to  0.8  watt  on 
the  liquid  crystal  because  of  the  50$  reflection  loss  at  the 
alr-(uncoated)  ZnSe  window  Interface),  an  increase  of  the  transmitted 
probe  beam  of  about  10$  is  observed.  The  probe  beam  gain  is  observed  to 
be  rather  nonlinear  with  respect  to  the  pump  power  (Fig.  5).  At  a  pump 
power  of  3  watt  (intensity  on  the  order  of  25  watts/cm2),  a  gain  of  40$, 
is  observed.  Higher  probe  gain  (>100$,  not  shown  in  Fig.  5)  can  be 
easily  obtained  by  simply  increasing  the  pump  intensity.  The  magnitude 
of  these  probe  gains  for  the  parameters  used  in  the  experiment  are  in 
good  agreement  with  the  numerical  solutions. 

The  beam  amplification  effect  as  described  and  demonstrated  above 
can  be  applied  in  the  construction  of  a  ring  oscillator^  (c.f.  Fig.  6). 
The  liquid  crystal  is  placed  within  a  ring  cavity.  Noise  originating 
from  scattering  from  the  pump  laser  (by  the  liquid  crystal  film) 
traveling  along  the  direction  of  the  axis  of  the  ring  cavity  will  form  a 
grating  with  the  pump  beam  and  get  amplified.  When  the  amplification  is 
greater  than  the  loss  (e.g.,  by  increasing  the  pump  laser  power),  a  ring 
laser  will  be  created,  reaching  a  steady  state  value.  The  steady  state 
corresponds  to  a  probe  beam  Intensity  such  that  at  that  pump/probe 
ratio,  the  gain  13  Just  equal  to  the  loss.  In  some  preliminary  study, 
we  have  observed  such  3elf-osclllatlon  effects.  Currently,  efforts  are 
underway  to  study  this  effect  in  greater  details. 

One  other  interesting  application  of  these  thermal  grating  (formed 
by  the  pump  and  the  probe  beam)  is  that  it  can  be  easily  probed  with  a 


445 


lilt 


nil 


visible  laser.  If  the  infrared  probe  beam  is  a  Image-bearing  beam, 
obviously  one  can  perform  infrared  to  visible  image  conversion  in  a 
manner  analogous  to  what  has  previously  been  observed  with  near-infrared 
(1.06um)  laser.10  A  preliminary  experiment  using  this  wavelength 
conversion  process  has  been  successfully  tested  with  simple  objects 
(lines,  square  aperture)  and  reconstruction  with  He-Ne.  Currently,  we 
are  investigating  imaging  processes  involving  higher  resolution  objects. 


The  response  time  for  all  these  processes  depend  inversely  on  the 
square  of  the  characteristic  thermal  diffus’on  length  (either  the  film 
thickness,  or  the  grating  constant,  whichever  is  smaller).  Our  previous 
study  has  shown  that  typically  for  a  17um  grating  constant,  the  decay 
time  constant  is  50us.  For  a  grating  constant  of  170um,  for  example, 
the  (decay)  time  is  about  5ms,  which  is  fairly  fast  for  image  processing 
or  laser  self-oscillations  (compared  to  photorefractive  crystals,  for 
example).  The  build-up  time,  of  course,  depends  on  the  type  of  laser 


used.  With  pulsed  laser,  it  is  possible  to  have  a  build-up  time  on  tne 
order  of  a  few  nanoseconds.4 


This  research  is  supported  by  the  Air  Force  Office  of  Scientific 
Research  under  grant  no.  AFOSR  840375. 
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We  present  a  detailed  theoretical  analysis  of  degenerate  four-wave  mixing  by  a  laser-induced  thermal  grating  in  a 
nematic  liquid-crystal  film.  In  particular,  we  show  that  the  coupling  of  the  (strong)  pump  beam  to  the  first-order 
diffracted  beam  can  give  rise  to  substantial  amplification  of  a  (weak)  probe  beam.  Experimental  verification  of  this 
effect  w  ith  a  CO  >  laser  beam  is  also  made.  A  probe-beam  gain  of  greater  than  20  can  easily  be  observed  in  a  120-qm 
film  with  a  pump  intensity  of  the  order  of  a  few  watts  per  square  centimeter. 


1.  INTRODUCTION 

Degenerate  optical  wave  mixing  in  highly  nonlinear  materi¬ 
als  has  been  the  subject  of  intensive  research  in  the  past  few 
years.  Various  useful  and  novel  processes  have  been  experi¬ 
mentally  demonstrated  and  are  beginning  to  find  applica¬ 
tion.1  One  of  the  phenomena  associated  with  optical  wave 
mixing  is  the  amplification  of  one  beam  by  another.1-9 
These  two  beams  form  an  intensity  grating  on  the  medium 
that  in  turn  creates  a  re.ractive-index  grating  through  the 
underlying  nonlinear  mechanism.  In  the  case  of  photore- 
fractive  materials,1-5  the  intensity  grating  is  phase  shifted 
with  respect  to  the  resultant  index  grating,  thereby  creating 
an  energy -coupling  mechanism  between  the  two  beams.  In 
a  Kerr-like  medium,  the  phase  shift  is  zero,  and  amplifica¬ 
tion  of  one  beam  by  the  other  is  possible,  provided  that  the 
two  input  beams  are  appropriately  frequency  shifted.6-8 

We  recently  showed  that  it  is  indeed  possible  to  have 
amplification  of  a  weak  beam  by  a  strong  beam  of  the  same 
frequency,  even  in  a  Kerr  medium,  provided  that  the  mixing 
conditions  favor  the  generation  of  the  diffracted  beam.7  In 
that  study,  the  nonlinearity  is  due  to  director  axis  reorienta¬ 
tion,  and  the  laser-induced  refractive-index  change  (An)  is 
proportional  to  the  square  modulus  of  the  optical  electric 
field,  i.e..  An  =  njEl-.  where  n  >  is  the  nonlinear  coefficient 
and  E  is  the  optical  electric  field.  In  this  paper  we  extend 
the  study  to  another  class  of  nonlinearity,  namely,  thermal 
nonlinearity  that  is  induced  by  cw  lasers.  Because  of  heat 
diffusion  within  the  liquid  crystals  and  to  the  cell  walls,  the 
laser-induced  refractive-index  change  An  is,  in  general,  a 
nonlocal  function  of  the  optical  field,  i.e..  An  is  not  simply 
dependent  on  the  square  modulus  of  the  optical  intensity  at 
a  particular  point;  for  a  given  applied  optical  field.  An  must 
be  solved  subject  to  the  boundary  conditions.  This  change 
in  refractive  index,  in  turn,  will  affect  the  optical  field  distri¬ 
bution  in  the  medium,  and  a  correct  solution  of  the  tempera¬ 
ture  distribution,  the  refractive  index,  and  the  optical  field 
within  the  nonlinear  medium  can  be  obtained  only  by  self- 
con«is*ent  calculations,  subject  to  the  boundary  conditions. 
Nevertheless,  in  Section  2,  by  identifying  the  various  wave 
mixing  terms  in  the  basic  coupled  equations,  we  show  that 


the  basic  mechanism  for  probe-beam  amplification  is  similar 
to  the  four-wave  mixing  effect  observed  in  Kerr  media,  i.e., 
the  weak  probe  beam  is  amplified  through  the  diffractions 
from  the  pump  beam  from  a  grating  formed  by  the  pump 
beam  and  the  diffracted  beam;  cf.  Fig.  1.  For  quantitative 
determination  of  the  effect,  a  detailed  numerical  calculation 
is  needed;  it  is  presented  in  Section  2.  Some  preliminary 
experimental  results  are  also  presented. 

We  have  conducted  a  beam-amplification  experiment  that 
uses  a  CO2  laser  for  several  reasons.  One  is  to  demonstrate 
explicitly  that  the  extraordinarily  large  optical  nonlinearity 
of  liquid  crystals  can  be  applied  to  this  spectral  region,  where 
few  room-temperature,  highly  nonlinear  materials  exist. 
Second,  because  of  the  rather  long  wavelength  of  the  CCL 
laser  (compared  with  the  usual  ~0.5-pm  wavelength  of  visi¬ 
ble  light),  optical  wave  mixing  involving  large  grating  con¬ 
stants  0200  q  m)  presents  no  practical  problems.  Large 
grating  constants  permit  efficient  thermal-grating-mediat¬ 
ed  wave  mixing  in  liquid  crystals.  There  are  other  equally 
important  reasons  for  extending  the  success  of  optical  wave 
mixing  effects  in  the  visible  and  near-infrared  regimes  to  the 
far-infrared  regime.  One  is  the  possibility  of  constructing  a 
ring  oscillator  and  a  self-pumped  phase  conjugator  in  the 
infrared  (10.6-qm)  region. 

igure  1  shows  the  geometry  of  the  laser-nematic  interac¬ 
tion.  A  strong  pump  beam  (k,0  intersects  with  a  much 
weaker  probe  beam  (k|).  forming  a  thermal  index  grating  in 
the  liquid  crystals.  The  first-order  diffraction  lk_>)  occurs 
on  the  side  of  the  pump  beam.  (Because  of  the  weakness  of 
the  probe  beam,  the  diffraction  on  the  probe-beam  side  is 
negligible.)  The  physics  of  the  multibeam  coupling  and 
heat  diffusion  in  this  system  is  described  by  the  Maxwell 
wave  equation  and  the  diffusion  equation,  respectively: 
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Fig.  1.  Schematic  of  the  amplification  of  a  weak  probe  beam  (Ei, 
ki)  by  a  strong  pump  beam  (£0,  ko)  and  the  simultaneous  generation 
of  the  principal  diffracted  beam  (£2).  The  laser  is  polarized  in  a 
direction  perpendicular  to  the  plane  of  the  paper. 

In  Eqs.  (1)  and  (2),  E  is  the  optical  electric  field,  PNL  the 
nonlinear  polarization,  T  the  temperature,  a  the  absorption 
loss  coefficient,  and  D L  and  D  the  thermal  diffusion  con¬ 
stants  for  directions  perpendicular  and  parallel,  respective¬ 
ly,  to  the  director  axis. 

In  the  plane-wave  approximation,  the  pump  (Eo),  probe 
(Ei),  and  diffracted  beams  (£2)  may  be  expressed  as  follows: 

E0(z)  =  totelexpliko  •  r)  =  £0  exp(i :kz), 

Ex(z)  =  f1(z)exp(ikl  •  r)  =  f[  exp (ikz  cos  ft  +  ikx  sinO), 

E2(z)  =  f2(z)exp(ik2  •  r)  =  e.,  exp  (ikz  cos  8  -  ikx  sin  8),  (3) 

where  k  =  noi/c.  Note  that  ko  is  along  the  z  direction. 

The  generated  polarization  PNL  is  given  by 

PNL  =  ^  (^)r.(E®  +  El  +  E-)AT'  <4) 

where  To  is  the  initial  equilibrium  temperature  and  AT  is  the 
temperature  rise. 

Consider  the  l£l2  term  on  the  right-hand  side  of  Eq.  (2). 
Using  Eq.  (3),  we  have 

lEl-  =  [|£0I2  +  l£,l2  +  |E2I2  +  EgE,* 

+  £[£,*  +  EJE-,*  +  c.c.j 

=  [l«ol*  +  l«J2  +  lf->l2  +  £„<,*  exp  (ikx  sin0)  +  f0e2* 

X  exp(i£x  sin  ft)  +  exp(2t£x  sin  8)  +  c.c],  (5) 

where,  for  small  8,  we  have  approximated  1  —  cos  0^0,  i.e., 
we  include  effects  coming  from  the  first  order  in  8.  Further¬ 
more,  in  view  of  the  fact  that  r  1  and  £2  are  much  smaller  than 
£0  (usually  fo  is  abcut  102  times  f]  or  e-z>,  we  have 

|£l2  =  lf0l2  +  U 1I2  +  lf2l2  +  (f0f  1*  +  f,£0‘)exp(-idipc) 

+  (f  te0*  +  f0f2*)exp(tdoJr),  (6) 

where  J o  =  k  sin  ft. 

For  the  geometry  depicted  in  Fig.  1,  the  temperature  dis¬ 
tribution  may  be  assumed  to  be  independent  of  the  y  dimen¬ 
sion  for  laser-beam  sizes  that  are  much  larger  than  the  grat¬ 
ing  constant  and  the  film  thickness.  (This  is  true  in  prac¬ 
tice.)  The  solution  for  the  temperature  rise  AT  may  thus  be 
expressed  in  the  form 

AT(x.  z)  =  fjz)  +  ^(zlexpf-id,,*)  +  /2(z)exp(/d,fr).  (7) 

Substituting  Eqs.  (6)  and  (7)  into  Eq.  (2)  gives 

— D  fn"  —  «<lf„|-  +  lf|l"  +  If.J'l,  (8) 

U,d„7,  -D  /,"=«(£„£,*  +£„£.,*).  (9) 


and 

_  O /■/'  =  S(£,£0*  +  £o£2*).  (10) 


where  «  =  ca/4n  and  double  primes  mean  d2/dz-. 

In  standard  differential-equation  form,  Eqs.  (8MI0)  be¬ 
come 

fo"  +  +  »1) 

f'"  =  ~  °DS"{'  +  +<2<o*>.  '12) 

and 

h"  =  ~  £  1  /2-fl  '<!<<>*  'ID 

From  Eqs.  (4)  and  (7),  we  get 

P°NL  =  0  +  (J]  +  ,I4) 

p  xl  =  ln  (<,/„  +  f(/2)exp (ikz  +  ikii0),  ( 15) 

4 tt  \dl  /Ta 

P2NL  =  ~  (q/o  +  <Vi)«P('fa  -  «M>-  (16) 

4  7T  \d  I  f  •  0 


Substituting  these  polarization  terms  into  the  correspond¬ 
ing  Maxwell  equations  for  f0,  <1,  and  t2  yields 


*0  .2nuJfdn\  « 

to  l~?k\  dr)ro(f^  +  e^  +  <2/2'“2<0’ 

.  2nu>2  (dn  \  ,  .  a 

.  2 nur  (dn\  a 

~  ‘  c-k  +  fu/l>  2  f2' 


*1 

dz 

dt., 


(17) 

(18) 

(19) 


where  we  have  included  the  effect  of  the  absorption  loss  in 
the  last  terms  on  the  right-hand  sides  of  Eqs.  ( 17)— ( 19). 

The  coupled  equations  for  the  temperature  distribution 
|Eqs.  (11  >—(13)J  and  the  Maxwell  equations  for  the  pump, 
probe,  and  diffracted  beams  [Eqs.  (17)-(19)j  form  the  basis 
for  our  theoretical  and  experimental  studies  of  the  various 
wave  mixing  processes  (such  as  diffraction  and  beam  ampli¬ 
fication)  that  are  mediated  by  the  thermal  grating.  In  this 
paper  we  shall  limit  our  discussion  to  the  possibility  of 
probe-beam  amplification  by  the  pump-diffracted-beam 
coupling  and  to  some  experimental  confirmation. 


2.  DISCUSSION 

The  special  problem  associated  with  thermal  nonlinearity  is 
its  nonlocal  diffusive  nature:  the  equilibrium  temperature 
rise  (and  therefore  the  refractive-index  change)  at  a  point  (.r. 
;)  is  dependent  on  the  boundary  conditions  imposed  at  vari¬ 
ous  other  points.  Since  involves  £  >,  and  since  the  magni¬ 
tude  of  f_>,  the  diffracted  beam,  grows  from  0  at  z  =  0  to  some 
finite  value  at  z  =  d.  f-<  is  therefore  an  asymmetric  function  in 
reference  to  the  midplane  z  =  d/2.  This  asymmetry  will  be 
reflected  in  the  grating  term  /'>£„,  which  is  responsible  for  the 
amplification  of  the  probe  beam  (as  we  will  see  presently). 
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This  asymmetry,  in  addition  to  the  great  variations  of  the 
probe  beam  (it  can  increase  in  magnitude  by  severalfold 
from  z  =  0  to  z  -  d)  and  the  pump  beam  (owing  to  losses), 
renders  analytical  solutions  of  these  equations  impossible. 
On  the  other  hand,  numerical  iterative  techniques  can  be 
employed  to  solve  the  problem  from  which  various  new  in¬ 
sights  into  the  multiwave  coupling  can  be  gained. 

In  analogy  to  similar  wave  mixing  effects  in  a  Kerr  medi¬ 
um1011  the  optical  intensity  grating  terms  on  the  right-hand 
sides  of  Eqs.  ( 1 1 )— ( 13)  may  be  classified  into  two  distinct 
types.  One  arises  from  the  interference  between  the  pump 
and  the  probe  beams  (e.g.,  <o«i*  andei<o*),  which  can  give  rise 
to  probe-beam  gain  only  if  the  resulting  refractive  index  is 
appropriately  phase  shifted  to  the  intensity  grating.  The 
other  arises  from  the  interference  between  the  pump  and  the 
diffracted  beams  U««2*  and  <2«o*),  which  can  give  rise  to 
probe-beam  gain  without  the  phase-shift  requirement. 
This  observation  is  borne  out  in  the  numerical  solutions  of 
Eqs.  ( 17)— ( 19).  Without  accounting  for  the  pump-diffract- 
ed-beam  coupling,  the  pump-  and  probe-beam  intensities 
are  found  to  be  monotonic  decreasing  functions  of  distance, 
and  the  main  effect  of  the  pump-probe  interference  is  the 
generation  of  the  diffracted  beam.  The  formalism  devel¬ 
oped  here,  however,  permits  several  detailed  insights  into 
the  problem  and  the  generalization  of  this  diffraction  effect 
to  phase  conjugation  (which  involves  another  strong  beam). 
Optical  phase  conjugation  with  gain  using  thermal  effects 
has  been  observed  in  several  studies12  with  high-power  nano¬ 
second  lasers.  It  is  important  to  point  out  that  the  funda¬ 
mental  mechanism  for  gain  in  those  four-wave  mixing  pro¬ 
cesses  is  different  from  the  one  under  study  here,  which  the 
phase-conjugated  signal  arises  from  four-wave  mixing  in¬ 
volving  a  retroreflected  pump  beam;  i.e.,  the  conjugated 
(reflected)  probe  beam  and  the  amplification  of  the  forward 
probe  beam  is  due  to  the  diffraction  of  the  retroreflected 
pump  beam  from  the  grating  set  up  by  the  pump  and  the 
probe  beams.  The  effect  of  the  diffracted  beam  was  ignored 
in  the  previous  studies. 

Inclusion  of  the  diffracted  beam  and  the  numerous  grat¬ 
ings  that  can  be  formed  among  the  pump,  the  probe,  and  the 
diffracted  beams  leads  to  numerous  interesting  theoretical 
conclusions.  In  this  paper,  we  concentrate  on  some  of  the 
salient  aspects  of  this  pump-probe-diffracted -beam  cou¬ 
pling  pertaining  to  the  probe-beam  amplification  process 
and  the  nonlocal  nature  of  the  thermal  effect  on  the  intensi¬ 
ty  distribution  within  the  nonlocal  media. 

Figure  2a  shows  a  plot  of  the  diffracted-beam  intensity  as 
a  function  of  the  normalized  distance  z/d,  for  the  parameters 
/o  =  80  W/cm2,  /1  =  0.8  W/cm2  (i.e.,  a  pump/probe  ratio  of 
100/1),  a  grating  constant  A  =  \/[2  sin(0/2)]  =  300  am,  d  = 
100  am,  a  =  80  cm-1,  and  dn/dT  =  dnn/dT  =  10~:1  K-1.  It 
shows  the  expected  growth  of  the  diffracted  beam  with  dis¬ 
tance.  Owing  to  loss  (from  a),  the  dependence  on  z/d  shows 
signs  of  saturation  for  z  =  d.  For  the  same  parameters,  Fig. 
2b  shows  that  the  corresponding  pump-beam  intensity  de¬ 
cays  monotonically  by  a  considerable  amount.  Figure  2c 
shows  a  rather  interesting  result,  i.e.,  that  the  probe-beam 
intensity  can  be  amplified  by  more  than  200%  in  traversing 
this  high-loss,  but  also  highly  nonlinear,  medium.  Even 
higher  amplification  can  be  obtained  at  a  higher  pump  in¬ 
tensity,  and/or  at  a  larger  grating  constant,  or  by  using  high¬ 
er  nonlinearity.  (For  a  liquid  crystal,  higher  thermal  non¬ 


linearity  can  be  obtained  either  by  bringing  the  sample  tem¬ 
perature  closer  to  the  nematic  —  isotropic  phase-transition 
temperature  or  by  using  dn /dr  rather  than  drtl/dr 
at  a  given  temperature.)  Our  detailed  theoretical  study  has 
generalized  this  theory  to  include  the  interplay  among  vari¬ 
ous  parameters  and  physical  characteristics,  such  as  intensi¬ 
ty,  losses,  grating  constant,  thickness,  phase  mismatch,  tem¬ 
perature,  presence  of  other  diffracted  beams,  frequency  dif¬ 
ference  between  the  incident  beams,  anisotropies  (Az,  D  - 
D  ),  and  pump-probe  beams,  and  will  be  reported  else¬ 
where. 
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h  ig.  2.  a,  Plot  ol  the  diffraeted-heam  intensity  dependence  on  the 
reduced  distance  z/d  l>.  Plot  of  the  pump-beam  intensity  as  a 
function  of  propagation  distance  into  the  sample,  c.  Plot  of  the 
probe- beam  intensity  as  a  function  of  the  distance  r  into  the  sample, 
showing  gain  at  the  exit  plane. 
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In  Section  3  we  present  what  we  deem  to  be  more  important 
information,  i.e.,  some  experimental  confirmation. 

3.  EXPERIMENT 

Figure  3  is  a  schematic  of  the  experimental  setup.  A  TEMoo 
CO'_>  laser  beam  (Advanced  Kinetic  Power-Laser  50)  operat¬ 
ing  in  a  cw  or  pulsed  (msec)  mode  is  split  into  a  strong  pump 
and  a  weak  probe  beam  (the  pump/probe  intensity  ratio  is 
60)  and  is  overlapped  on  the  sample  at  an  (external)  crossing 
angle  of  2.3°  (corresponding  to  a  grating  constant  inside  the 
liquid  crystal  of  about  260  pm).  The  beam  diameter  at  the 
sample  is  4  mm.  The  pump  power  is  varied  from  1.7  to  3.3 
\V,  and  the  power  of  the  transmitted  probe  beam  is  moni¬ 
tored.  The  geometry  of  interaction  of  the  laser  polarization 
and  propagation  vectors  with  the  liquid-crystal  axis  is  shown 
in  Fig.  1.  The  polarization  is  perpendicular  to  n,  the  direc¬ 
tor  axis  of  the  nematic  liquid-crystal  film.  The  thermal 
index  gradient  is  therefore  given  by  dn(l/dT,  where  n0  is  the 
refractive  index  for  ordinary  rays.1'*  The  film  is  fabricated 
using  ZnSe  plates  coated  with  a  surfactant  for  homeotropic 
alignment.  The  liquid  crystal  used  is  pentylcyanobiphenyl 
(PCB),  and  the  film  is  120  Mm  thick,  maintained  at  a  room 
temperature  of  22°C.  PCB  was  shown  in  a  previous  study1’ 
to  have  good  transmission  charcteristics  at  10.6  pm  and  does 
absorb  appreciably  at  10.6  Mm  (a  =  80  cm'1). 

At  an  input  pump  power  of  1.7  W  [which  is  reduced  to  0.8 
VV  on  the  liquid  crystal  because  of  the  50%  reflection  loss  at 
the  air-(uncoated)  ZnSe  window  interface],  an  increase  of 
the  transmitted  probe  beam  of  about  10%  is  observed.  The 
probe-beam  gain  is  observed  to  be  rather  nonlinear  with 
respect  to  the  pump  power  (cf  Fig.  4),  obeying  close  to  an  F 
pump  dependence.  At  a  pump  power  of  3  W  (intensity  of 
the  order  of  25  W/cm3),  a  gain  of  40%  is  observed.  The 
magnitude  of  these  probe  gains  for  the  parameters  used  in 
the  experiment  is  in  good  agreement  with  the  numerical 
solutions  (solid  line  in  Fig.  4).  The  numerical  solution  is 
obtained  using  the  parameters  a  =  80  cm-1,  thickness  d  = 
120  gm,  6  ~  2.3°,  and  drio/dT  =  1  X  10-3  K_1. 

The  basic  mechanism  responsible  for  the  probe-beam  gain 
is  the  scattering  of  the  much  stronger  pump  beam  from  the 
pump-diffracted- beam  grating  in  the  direction  of  the  probe. 
Obviously,  at  an  equal  pump-probe-beam  ratio,  the  probe 
gain  will  be  zero.  A  higher  pump-probe-beam  intensity 
ratio  will  lead  to  a  higher  probe-beam  amplification.  This 
was  verified  experimentally.  Figure  5  shows  the  experimen¬ 
tally  observed  probe-beam  gain  as  a  function  of  the  pump- 
to-probe-beam  ratio  for  the  following  parameters:  pump 
power,  1.8  W;  =  2.6°;  laser-beam  size,  0.3  cm-;  initial 
sample  temperature,  29°C.  It  shows  that  the  probe  gain 
saturates  at  a  value  of  about  70%  for  a  ratio  >100.  The 
experimentally  observed  dependence  is  in  agreement  with 
the  theoretical  prediction  (Fig.  6).  The  thermal  grating, 
owing  to  diffusion,  is  also  highly  sensitive  to  the  grating 
constant.  Smaller  grating  constants  can  sustain  a  smaller 
temperature  difference  and  therefore  a  smaller  refractive- 
index  modulation.  Using  the  same  parameters  as  those 
used  for  Fig.  4,  we  observe  that  the  gain  drops  from  40%  at  rt 
=  2.3°  (i.e.,  A  =  260  gm)  to  a  vanishing  value  at  0  >  10°.  This 
requirement  of  a  large  grating  constant  for  appreciable  am¬ 
plification,  incidentally,  is  (in  practice)  easily  met  by  using 
infrared  lasers  (such  as  CCL  and  CO  lasers).  Although  it  is 
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Fig.  Schematic  of  the  experimental  setup  for  CO>  probe-laser 
amplification.  The  ratio  of  the  pump-beam  to  the  probe-heam 
intensity  is  60  to  1.  The  He-Ne  laser  is  for  probing  the  grating. 
Diffractions  from  the  He-Ne  laser  are  easily  visible  with  the  eye. 
KS.  beam  splitter:  13'.  liquid  crystal. 


PUMP-BEAM  POWER  IWotts) 


Fig.  4.  Plot  of  the  observed  probe-beam  gain  as  a  function  of  the 
pump-beam  power,  showing  nonlinear  dependence  on  the  pump- 
beam  intensity.  The  solid  line  is  a  theoretical  fit.  with  u  =  80  cm"1. 
«  =  2.3°.  d  =  120  gm.  and  dn»/dT  =  1  x  10" 1  K_1. 
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PUIWVPROBE  RATO 

Fig.  5.  Experimentally  observed  probe-beam  gain  as  a  function  of 
pump  probe-beam  ratio  for  the  experimental  parameters  stated  in 
the  text  The  curve  shows  the  theoretically  predicted  dependence. 
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Fig.  6.  a,  Oscilloscope  traces  of  probe-beam  power  with  and  with 
out  pump  fora  pump  power  of  1  VV.  The  laser  pulses  used  are  of  40- 
msec  duration.  b.  Same  as  a  but  for  a  pump  power  of  4.6  VV.  Again 
of  20  is  observed. 


true  that,  in  general,  a  larger  grating  constant  will  produce  a 
higher  probe-beam  gain,  the  choice  of  the  input  probe  beam 
(much  weaker  than  the  pump  beam,  of  course)  is  important. 
In  general,  one  should  choose  it  to  be  as  small  as  possible,  so 
that  only  one  diffracted  order  is  observed.  If  the  probe 
beam,  in  combination  with  the  high  index  modulation  ob¬ 
tained  at  a  large  grating  constant,  is  strong  enough  to  pro¬ 
duce  many  high-order  diffractions,  we  have  observed  that 
the  probe-beam  gain  will  be  quenched  at  a  low  value,  as  a 
result  of  the  loss  through  these  multiorder  diffractions. 

For  a  given  pump-  probe-beam  ratio  and  grating  constant, 
the  probe  gain  can  be  increased  (>100%)  by  simply  increas¬ 
ing  the  pump  intensity.  However,  because  of  absorption, 
the  operating  temperature  of  the  liquid  crystal  under  cw 
laser  illumination  will  rise,  eventually  exceeding  the  transi¬ 
tion  temperature.  We  observe  that  at  an  input  cw  power 
exceeding  6  W  the  sample  becomes  isotropic  (the  Tp  of  PCB 
is  35.3°C).  This  ambient  overheating  problem  can  be  elimi¬ 
nated  by  simply  pulsing  the  input  laser.  Typically,  we  find 
that  laser  pulses  of  tens  of  milliseconds'  duration  are  ideal 
for  these  thermal  wave  mixing  processes  (similar  to  our  pre¬ 
vious  work11  with  a  visible  laser). 

With  a  pulsed  laser,  it  is  possible  to  utilize  the  much 
higher  thermal  index  near  T(-  without  overheating  the  sam¬ 
ple.  Figure  6  shows  oscilloscope  traces  of  the  probe-beam 


pulse  amplitude  with  and  without  the  pump  beam,  when  the 
sample  is  maintained  at  32°C,  i.e.,  close  to  7%,  where  dn/dT 
is  large.  The  pulse  duration  is  40  msec,  chosen  because  the 
thermal-grating  decay  time  is  of  this  order.  In  Fig.  6a,  the 
pump  power  is  1  W  (40  m.J  in  40  msec),  and  a  gain  of  30%  is 
observed.  Figure  6b  shows  the  large  gain  (20  times)  ob¬ 
served  at  an  input  pump  power  of  4.6  W.  This  large  gain  is 
due  to  the  large  dn/dT  near  T,  as  well  as  to  more  efficient 
buildup  of  the  thermal  refractive-index  grating  by  pulsed 
lasers. 

In  conclusion,  we  have  demonstrated,  for  the  first  time  to 
our  knowledge,  how  a  probe  beam  can  be  amplified  bv  a 
pump  beam  in  a  diffusive  medium  involving  a  thermal  grat¬ 
ing.  Also,  we  have  experimentally  demonstrated  the  effect 
and  how  it  may  be  applied  to  CO  >  lasers  of  moderate  power. 
Since  the  thermal-index  gradient  for  the  extraordinary  ray 
dn./dT  is  larger,  and  also,  since  these  thermal  gradients 
increase  greatly  near  T, ,  considerably  lower  power  and/or 
higher  gain  of  the  probe  beam  can  be  achieved.  By  using 
this  high-gain  wave  mixing  effect,  processes  such  as  image 
amplification,  ring  oscillation,  and  self-pumped  phase  con¬ 
jugation  are  clearly  feasible,  and  they  are  currently  under 
studv. 
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Laser  spot  size  dependence,  nonlocallty  and  saturation  effects 
In  transverse  optical  bistability 
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Abstract 

He  present  here  a  theoretical  discussion  of  the  effect  of  nonlocallty  and  saturation 
in  transverse  optical  bistability.  It  is  found  that  the  switching  conditions,  switching 
power  and  characteristics  are  considerably  different  from  the  situation  where  these 
effects  are  not  accounted  for.  We  also  include  an  analytical  study  of  the  transverse 
self-phase  modulation  effect  and  relate  the  key  parameters  explicitly  to  the  transverse 
bistability  switching  condition  and  bistability. 

Introduct Ion 

Optical  bistability  In  the  Intensity  of  a  laser  beam  after  Its  passage  through  a 
thin  nonlinear  film  was  first  exper 1  men t al 1 y  observed  by  Khoo  In  19821,  following  a 
theoretical  discussion  by  Kaplan2  In  1981.  For  such  optically  thin  nonlinear  medium,  the 
effect  of  the  nonlinear  medium  essentially  Impart  a  transverse  Intensity  dependent 
nonlinear  phase  shift  on  the  incident  beam.  The  process  of  Intensity  redistribution  and 
switching  was  quantitatively  analytically  analyzed  by  Khoo^  et .  al .  and  the  theoretical 
predictions  and  the  experimental  results  are  t.n  good  agreement.  In  reference  3,  It  Is  to 
be  noted  here  that  we  have  actually  employed  an  analysis  that  Is  beyond  the  usual  lens 
approximation  (c.f.  Appendix  in  Ref.  3)  where  the  gausslan  intensity  profile  of  the 
Incident  wave  is  expanded  up  to  the  r2  term  (where  r  Is  dimension  transverse  to  the 
propagation  axis  z).  However,  much  Insights  Into  the  process  (and  little  loss  of  the 
actual  physics)  can  be  gained  by  employing  this  approximation.  In  this  paper,  we 
reexamine  the  process  of  transverse  bistability  in  lights  of  an  exact  theoretical 
analysis  of  transverse  self  phase  modulation  (without  a  feedback)  and  dem:  'crate  the 
relationship  between  this  process  and  the  bistability  3 witch  conditions  (-..eh  a  feedback 
Is  present).  We  will  then. also  discuss  the  effect  of  nonlocality  (which  depends 
critically  on  the  laser  spot  size)  and  saturation  effect. 


Figure  1  depicts  schematically  a  typical  transverse  self  phase  modulation  experiment. 
A  gausslan  laser  beam  Is  Incident  from  the  left  on  a  nonlinear  film  with  a  beam  radius  of 
curvature  R  and  a  beam  waist  on  the  film.  The  intensity  of  the  laser  has  a  transverse 
dependence  given  by 

1 1  as er  *  ro  exp  '  C1) 

w 

A  mirror  at  a  distance  z/2  Is  placed  behind  the  film  and  a  pin-hole  at  a  distance  z  is 
used  to  monitor  the  Intensity  at  various  radial  displacement  r  j.  from  the  axis.  The 
radial  intensity  distribution  at  z  is  given  by  I  ( r 1 ,  z )  .  From  Klrehoff's  diffraction 
Integral,  Kr^.z)  can  be  shown  to  be  given  by 

I(rVz)  '  (II)2lo  |  f  rdr  Jo(2l,rri/\z)  ex?  ('2p2/w2)  e!(?  "i  (  V5nl!|  2 

‘  0 

(2) 

where  the  "diffractive"  phase  and  the  nonlinear  intensity  dependent  phase  are 

given  by 

♦d  *  k  {Tz  * 

♦ml  '  kn2d  Cl0  exp  ■  2r2/w2  *  Rmr  (ri'z)]  {u) 

2  TT 

where  nj  Is  the  nonlinear  refractive  Index  coefficient,  k-  —  is  the  vacuum  wave  vecto- 

wave  vector  of  the  light,  R,,  is  the  reflectivity  of  tne  mi-ror  and  d  the  thickness  of  tne 
nonlinear  film. 
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We  shall  discuss  here  first  the  case  of  zero  feedback  (l.e.,  Rm-0)  to  Illustrate 
some  Interesting  important  observations.  Defining: 


T  “2  *  t> 


C,o-  2w/w, 


where  wq  is  the  focused  laser  beam  waist. 


equation  (2)  becomes 


K  r  ,  z  ! 


I  i, 


>  y  2  y  d  y  J Q ( C 2 6 y )  exp  i  ( C  a  e  ~  2  y 


It  is  clear  from  equation  (6)  that  C|  affects  only  the  magnitude  of  the  Intensity  and  C2 
the  relative  scale  of  the  intensity  distribution  pattern. 

The  key  parameters  are  Ca  and  C3  which  decide  the  phases  and  $q, 

2 

respectively,  which  in  conjunction  with  the  integrand  (e  y  y),  dictate  the 

intensity  distribution  I(rj_,z).  A  detailed  numerical  analysis  of  Krj  ,  z)  as  Ca  and  CD 
are  varied  show  that  there  are  three  fairly  distinct  general  character i st i cs  for  I(rj ,2) 
depending  on  the  sign  and  magnitude  of  CD  relative  to  Ca. 

For  N  2  >  0 ,  i.e.,  Ca>0  and  increasing  with  1 -3 ,  these  three  regions  correspond  to 


In  this  case,  the  overall  intensity  distribution  Kr^.z)  develops  from  a  gaussian  at 
low  intensity  to  one  where  the  on  axis  intensity  is  enhanced,  with  side  band  rings  at 
high  intensity.  The  on-axis  intensity  at  higher  intensity  3hows  some  oscillatory 
behavior  but  remain  "bright".  (c.f.  figure  2a) 


In  thi3  case,  Kr^.z)  acquires  side-band  rings  at  high  intensity,  while  the  center 
spot  tends  to  be  dark.  (c.f.  figure  2b) 


This  situation  represents  a  transition  or  mixture  of  cases  (I)  and  (II).  There  are 
side  rings,  but  the  center  spot  assume  alternatively  brighten  and  darken  appearance  (c.f. 
figure  2c).  These  intensity  dependences,  as  a  function  of  C0,  have  been  observed 
recentlyJ-5. 

In  the  case  of  transverse  bistability,  where  portion  of  the  transmitted  intensity 
Krj,:)  is  "imaged"  back  into  the  nonlinear  film,  clearly  one  can  expect  a  so-called 
"positive  feedback"  or  "reinforcement"  to  definitely  to  occur  only  for  case  (I)  if  no  is 
positive.  Thi3  is  indeed  the  case  as  demonstrated  in  a  recent  analysis  of  the  switching 
condition^,  where,  for  positive  n2,  the  condition  for  bistability  to  occur  is  shown  to 
be  given  by 

q 

1  2  1  '  1  s  u  - 

i  w  772-7  *  1-12  m 

R  -j  (  w  k  ) 

For  negative  n2,  the  situation  is  exactly  reversed,  i.e.,  for  Cb>0,  the  center  spot 
darkens  at  high  intensity;  for  Cb<0,  the  central  spot  intensifies  and  for  Cn>0,  the 
cenfal  spot  alternatively  brightens  and  darkens.  The  bistability  switching  condition  is 
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now  given  by 


1  W2  (i  ♦  I)  < 

X  R  z 


-  c 


15  ■  9z 

2  4 

Ra<"  K) 


♦  1.12] 


(8) 


This  preceding  exercise  further  brings  out  the  importance  of  the  spot  size 
dependence  as  well  as  nonlocality  of  the  nonlinearity,  since  they  affect  Ca  and  Cb 
considerably.  As  demonstrated  explicitly  in  reference  3,  all  the  switching 
characteristics  depend  critically  on  the  incident  spot  size  of  the  laser  beam  (to  power 
of  six  or  eight).  In  this  paper,  we  will  examine  how  the  nonlocality  of  the  nonlinearity 
(associated  with  diffusion  or  molecular  correlation) ,  which  is  highly  dependent  on  w, 
affects  the  phase  factor  Ca  which  in  turn  affects  the  overall  switching  char act er 1 s t 1 cs . 
To  illustrate  the  point,  we  will  quote  results?  we  have  calculated  for  the  nonlocal 
dependence  of  liquid  crystal  axis  reorientation.  For  the  case  where  the  linearly 
polarized  laser  beam  is  normal  to  the  plane  of  the  liquid  crystal  (i.e.,  the  optical 
electric  field  is  normal  to  the  liquid  crystal  axis)  as  well  as  for  the  non-normally 
Incident  case,  the  transverse  widths  of  the  liquid  crystal  response  are,  in  general, 
different  from  (smaller  or  larger  depending  on  several  factors)  the  laser  beam  widths. 

One  of  the  consequences  of  this  is  shown  in  Figure  3a  and  Figure  3b. 

Figure  3a  compares  two  switching  curves,  one  (I)  is  obtained  for  the  case  of  local 
nonlinearity  (i.e.,  laser  beam  width  •  response  width)  and  (II)  is  obt \lned  for  the  case 
where  the  width  of  the  induced  response  is  smaller  than  tne  laser  beam  width.  It  clearly 
shows  that  both  the  switching  power  and  the  switching  characteristics  (size  of  the  loop, 
switched  intensities,  etc.)  are  drastically  changed.  The  lowering  of  the  switching 
powers  is  attributed  to  the  fact  that  a  "narrower"  nonlinear  response  is  equivalent  to  a 
higher  power  lens . 

Figure  3b  shows  how  the  switching  behavior  differs  for  the  local  (I)  and  the 
nonlocal  (II)  (where  the  width  of  the  response  is  greater  than  the  laser  width).  Because 
of  the  Increase  width  of  the  response,  i.e.,  the  induced  "lens"  is  equivalently 
1  over  -  power ed ,  the  switching  intensities  are  up.  There  are,  of  course,  other  equally 
interesting  effects  due  to  the  nonlocality  of  the  nonlinearity  but  the  preceding 
discussion  brings  out  the  most  salient  points. 

Finally,  we  shall  address  the  question  of  saturation  effect  In  transverse 
bistability.  This  was  briefly  alluded  to  in  a  previous  publication.  We  have  recently 
performed  a  detailed  calculation  based  on  the  form  of  saturation  described  by  an  nj  of 
the  form 


1  ♦  I  (  r  )  / 


is 


(9) 


where  nj  is  the  non- sat ur at ed  result.  Figure  4  summarizes  most  of  tne  results  calculated 
using  the  technique  developed  in  reference  3.  For  a  small  region  of  1 5  ,  widely  varying 
characteristics  are  obtained.  There  are  multiple  switching  (loops),  single  switching 
loops,  and  so-called  Isolas  cor r es pond  1 ng  to  isolated  region  of  solutions.  There  have 
yet  to  be  experimental  confirmation  of  these  results. 
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Figure  Captions 


Schmeatic  of  transverse  optical  bistability  setup.  F  is  the  nonlinear  film,  M  the 
ml rror  . 

The  on-axis  laser  intensity  as  a  function  of  the  transverse  dimension  for  various 
input  Intensities  ( C  t>  >  0  ;  n2>0  case). 

The  on-axis  laser  intensity  as  a  function  of  the  transverse  dimension  for  various 
input  intensity  (C &<0;  n2>0  case). 

The  on-axis  laser  intensity  as  a  function  of  the  transverse  dimension  for  various 
input  intensity  (C^O;  n2>0  case). 

Typical  switching  curve  for  (I)  local  and  (II)  nonlocal  nonlinearity  (where  the 
Induced  nonlinear  phase  shift  profile  is  narrower  than  the  laser  profile). 

Comparison  of  (I)  local  and  (II)  nonlocal  nonlinearity  switching  curves.  Curve  II 
is  obtained  for  a  nonlinear  phase  shift  profile  that  is  wider  than  the  input  laser 
prof  lie. 

Multiple  stable  solutions  of  the  output  (on-axis  Intensity)  as  a  function  of  the 
input  Intensity  for  various  values  of  the  saturation  intensity  I- . 
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Abstract 

Optimal  power  limiting  effects  associated  with  self-focusing  and  self-bending  of 
light  In  nematic  liquid  crystal  films  are  studied  using  low  power  cw  lasers  and  high  power 
nanosecond  pulse  lasers. 

Introduction 

Transverse  self  phase  modulation  associated  with  the  transverse  intensity  profile  of 
a  laser  beam,  and  the  related  self  focusing,  optical  switching  and  bistability  phenomena 
have  received  considerable  attention  recent  ly “3  in  conjunction  with  highly  nonlinear 
materials,  these  effects  have  shown  promises  for  applications  In  optical  processings  and 
logic  element  fabrications.  One  possible  application  of  transverse  self  phase  modulation 
Is  in  the  fabrication  of  passive  optical  limiters,  in  which  the  devices  possess  high 
transmission  at  low  optical  Intensity,  and,  via  the  nonlinear  refractive  effect,  switch 
over  to  a  low  transmission  mode  at  high  Input  intensity. 3  The  process  Is  basically  a 
spatial  redistribution  of  the  laser  power  In  the  transmitted  observation  plane.  It 
follows  naturally  that  If  the  transverse  nonlinear  (intensity  dependent)  phase  shift  is 
"tailored"  appropriately,  the  Intensity  at  the  observation  plane  will  redistribute 
accordingly.  In  particular.  If  the  Incident  laser  beam  Is  asymmetric,  or  if  the  nonlinear 
medium  Itself  Imparts  an  asymmetric  phase  shift,  the  exit  beam  will  change  Its  propagation 
direction  in  a  unidirectional  pattern4,  which  results  In  self  bending  of  the  laser  beam. 

Discuss  ion 

In  this  paper,  we  report  an  experimental  demonstrat ton  of  optical  limiting  due  to 
self-focusing  and  bending  of  a  laser  beam  via  transverse  phase  shift  In  a  nematic  liquid 
crystal  film.  Figure  1  depicts  schematically  the  experimental  set  up.  For  self-focusing 
experiments,  the  whole  laser  beam  Is  Incident  on  the  sample.  The  laser  beam  is 
half-blocked  by  an  opaque  object  placed  Just  before  he  liquid  crystal  film  for  self- 
bending  effect.  This  creates  an  asymmetry  In  the  laser  intensity  in  the  x-direction.  If 
the  medium  possesses  a  positive  nonlinearity  (i.e.  the  refractive  index  n  is  given  by  n  ■ 
ng  ♦  h2l;  nj  >  0,  I  *  the  optical  Intensity),  then  the  beam  will  bend  in  the  positive 
x-direction  as  shown.  A  detector  located  downstream  that  collects  the  light  along  the 
underated  direction  will  obviously  detect  an  Intensity  switching  effect. 

For  nematic  liquid  crystals,  there  are  two  principal  contributions  to  the 
nonlinearity  ng ,  namely,  the  refractive  Index  change  associated  with  laser  Induced 
director  axis  reorientation,  and  the  refractive  index  change  associated  with  laser  induced 
heating. 5. 6  Both  are  extraordinarily  large,  characterized  by  widely  varying  rise  and  fall 
times.  The  magnitude  (and  sign)  of  n^  depends  on  the  interaction  geometry.  Consider  the 
configuration  depicted  In  Figure  2,  Involving  a  linearly  polarized  laser  and  a 
homeotroptcally  aligned  nematic  liquid  crystal  film.  For  molecular  reorientation,  S  must 
be  •  0  or  90®.  The  change  In  the  dielectric  constant  e  •  n2  is  given  by3 
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in  the  case  where  the  laser  beam  width  is  much  larger  than  the  sample  thickness  d,  and 
Eop2  <<  Ep2  where  Ep  Is  the  optical  Freederlcksz  field  (Ep2  -  4m3i<i£:-!  d“*2)  as  detailed  In 
reference  5. 

In  equation  (I),  4c  Is  the  dielectric  anlsot-opy,  c  j|  and  e(  are  the  optical 
dielectric  constant  associated  with  optical  field  polarization  parallel  and  per pend  1 cul ar 
to  the  director  axis,  respectively;  E2  »  4m  K(4c)"’  Eop"2  and  K  the  elastic  constant. 


SPIE  Voi.  61 3  Nonlinear  Optics  and  Applications  1 1 9861  /  43 


WWW 


WVT  jru/wi/wn  iqnqnqparofToriqfTqrTqp^jt 


This  gives,  In  terms  of  the  refractive  Index 

2 

Sn(  r )  -  n,  I(r)  -  slnZZi  Ur)  (2) 

2  *tn  i  p 

If  the  Incident  laser  beam  Is  half-blocked,  then,  roughly,  these  two  expressions  will  be 
multiplied  by  a  step  function  9(x)  [9(x)  *  1  x<0:  0(x)  -  0  x  >  0]. 

On  the  other  hand,  the  change  In  the  refractive  Index  associates  with  laser  heating 
Is  quite  complicated,  and  has  been  discussed  In  details  In  recent  publications.®  It 
suffices  to  note  here  that  for  the  geometry  depicted  In  Figure  2,  at  S  *  0,  the  ordinary 
refractive  Index  no  la  probed.  The  change  in  ng  Is  highly  nonlinear  (and  is  positive) 
near  the  nematic  *  isotropic  transition  temperature  Tc.  Depending  on  the  absorption  rate 
of  the  liquid  crystal,  the  magnitude  of  r\2  varies.  For  MBBA,  for  example,  laser 
Intensities  on  the  order  of  tens  of  watts/cm2  are  sufficient  for  Inducing  large  (>2it) 
phase  shift  (transverse  or  longitudinal)  leading  to  transverse  self-focu3lng  and 
logltudinal  bistability  switching  effects1. 

We  have  conducted  experiments  on  laser  s e 1 f -de f 1 ec 1 1  on  effect  using  both  kinds  of 
nonlinearity.  The  laser  used  Is  a  linearly  polarized  Ar*  laser  operating  at  the  5145  A 
line.  The  liquid  crystal  used  is  PCB  ( Fen t y 1-cyano-b 1 pheny 1 )  for  mol  ecu lar -reor 1 en t a t Ion 
effect,  while  MBBA  ( p-me thoxy ben zy 1 1  den e  -  p-n  -  buty lanl 1 lne )  Is  used  for  thermal  effect 
studies.  The  samples  are  lOOpm  thick  and  are  homeo t r op  1 ca 1 1 y  aligned.  The  Incident  angle 
(B)  Is  set  at  B  •  15°  for  PCB  sarnie,  and  at  3  -  0°  for  MBBA.  The  laser  Is  half-blocked 
at  the  entrance  plane  of  the  sample.  The  transmitted  laser  beam  Is  monitored  on  a  screen 
at  a  distance  of  7m  from  the  sample. 

For  PCB  sample,  a  well-defined  bending  of  the  laser  beam  In  the  expected  direction  Is 
observed  at  an  Input  Intensity  of  100  watts/cm2  (laser  power  -  1  watt,  laser  spot  size, 
lightly  focused  Is  1mm2).  The  beam  moves  by  a  displacement  (about  2  cms)  of  roughly  2 
beam  sizes  at  the  observation  plane.  This  corresponds  to  a  deflection  angle  9  of  1/350. 

For  PC9 ,  the  relevant  parameters  are  tit  -  0.8,  ej  -2.25:  k  -  0.8x10"®  dynes;  d  - 
lOOura.  This  gives  Ip  «  480  watts/cm2.  The  maximum  refractive  Index  change  at  r  -  0  Is 
therefore  5n(0)  -  0.05  while  Sn  at  r  about  one  beam  waist  (1mm)  from  r  -  0  will  be 
vanishing.  One  can  approximate  this  spatially  varying  refractive  Index  by  an  Index 

coefficlent  ^  of  about  0. 05/0.05  -  1cm"1.  The  deflection  angle  8  associated  with  this 

Index  coefficient  Is  given  by  9  -  -  "  ?  'v 1-  -  0.06  radian.  This  Is  In  good  agreement 

n  a  x  i  .  5 

with  the  experimental  observed  deflectlin  angle  of  0.03,  considering  there  are  several 
factors  of  unity  associated  with  the  various  approximations  made  In  the  theoretical 
estimate . 

The  switching  of  the  laser  direction  obviously  gives  rise  to  a  whole  beam  Intensity 
switching  (from  »  1  watt  to  vanishing  value)  for  a  detector  located  at  position  A  on  the 
screen.  Under  low  laser  power  Illumination,  the  switching  Is  quite  slow  (-  1  second). 
However,  It  Is  well-known  that  the  molecular  reorientation  process  In  liquid  crystal  will 
speed  up  with  the  increase  in  the  applied  field.  Very  fast®  (nanosecond)  turn-on  Is 
possible  at  laser  powers  on  the  order  of  102  MWatt3/cm2,  which  is  being  currently 
Investigated  . 

Similar  beam  deflection  effects  are  observed  if  one  employs  the  thermal  effect  In 
MBBA  sample  (Tc  •  42.5°C).  The  sample  Is  maintained  at  room  temperature  (22°C).  It  Is 
observed  that  a  laser  power  on  the  order  of  0.5  Watt  (unfocused  beam  Intensity  of  1 
watt/cm2)  will  lead  to  self-bending  effect. 

In  the  case  of  self-phase  modulation  involving  the  whole  beam,  a  drastic  increase  In 
the  divergence  of  the  exit  beam  Is  observed  at  a  laser  power  of  about  0.2  Watt. 

As  the  sample  Is  moved  around  the  focal  plane  of  the  lense  (  1  .  e .  ,  the  radius  of 
curvature  R  changes  in  sign  as  well  as  In  magnitude),  the  Intensity  distribution  at  the 
detector  plane  varies  considerably. 

In  the  case  where  the  radius  of  curvature  R  of  the  wavefront  Is  positive,  the  central 
portion,  l.e.,  the  on-axis  part  of  the  beam  has  a  small  region  of  brightness  that  seems  to 
persist  at  all  Input  Intensities.  On  the  other  hand.  If  the  sample  is  located  before  the 
focal  plane  ,  l.e.,  R  is  negative,  the  central  region  Is  dark  at  high  Input  laser 

Intensity.  These  are  obviously  diffraction  effects,  coupled  with  the  nonlinear  transverse 
phase  shift.  The  detected  Intensity  distribution  Is  obviously  also  dependent  on  the 
parameter  Z.  It  Is  probably  useful,  (but  is  time  consuming  and  too  detailed  to  be  dealt 
with  In  this  short  communication),  to  identify  and  somehow  classify  the  region  of  Z  or  R 
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whereby  the  Intensity  distributions  are  classifiable  into  typical  forms.  As  a  result  of  > 

the  drastic  increase  In  the  divergence  of  the  Beam  at  the  detector  plane,  the  detected  ■ 

power  (the  so-called  output)  versus  the  Input  laser  power  will  deviate  from  linear,  ) 

tending  to  a  so-called  "limiting"  form.  This  Is  Indeed  observed  (as  shown  In  Figure  3). 

The  detector  collects  almost  all  the  transmitted  laser  beam,  at  low  power.  But  at  higher  1 

Intensity,  the  "output"  shows  limiting  behavior  even  as  the  Input  Is  Increased  by  almost 
10  times.  There  are  some  oscillations  In  the  output,  reflecting  the  diffractive  | 

Interference  effects  that  were  also  observed  In  our  earlier  experiment  on  transverse  i 

b  i  s tab  1 1 1 1 y  .  *  1 

t 

The  configuration,  as  depicted  In  Figure  1  and  adopted  In  our  experiment  1 

demonstration  Is  but  one  of  the  several  possible  set  up  that  will  create  the  required  \ 

asymmetry  in  the  transverse  Intensity  dependent  phase  shift  for  laser  deflection.  One 
simple  alternative  whereby  the  whole  Incident  laser  beam  Is  used  would  be  to  use  a  sample 
whose  thickness  varies  from  one  beam  edge  to  the  other.  For  both  r eor  1  en t a 1 1  ona  1  and 
thermal  nonllnearly,  this  variation  In  the  thickness  Introduce  a  nonlinear  "bias"  (and 
thus  asymmetry)  on  the  transverse  phase  shift.  Details  of  laser  deflections  using  this 
kind  of  set  up  and  the  dynamics  of  the  process  will  be  presented  In  a  longer  article 
elsewhere. 

In  conclusion,  we  have  demonstrated  laser  self-bending  and  Intensity  switching 
effects  based  on  transverse  self-phase  modulation  effects.  The  effects  can  be  applicable 
to  fairly  high  speed  optical  switching  and  power  limiting  applications  for  various  types 
of  lasers  (the  molecular  r eor  1  en t a 1 1  onal  effect  Is  non-wavelength  selective),  and  are 
currently  being  studied  In  that  context. 
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Figure  Caotlons 

Fig.  1  Schematics  of  the  set  up  for  laser  se 1 f- focus  1 ng  and  self-bending  effect. 

Fig.  2  Laser  propagation  In  a  homeo t ro p i ca  1 1 y  aligned  nematic  liquid  crystal  film. 

Fig.  3  Optical  power  limiting  associated  with  the  external  self-focusing  effect. 
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Abstract— The  theory  of  probe  beam  amplification  via  degenerate 
optical  wave  mixing  in  a  Kerr  medium  is  presented.  This  theory  in¬ 
cludes  consideration  of  the  self-phase  modulation,  two-wave  mixing, 
and  multiwave  mixing  terms  in  the  coupled-wave  equations.  Both  an¬ 
alytical  solutions,  under  the  assumptions  of  a  nondepleted  pump  beam 
and  a  transparent  Kerr  medium,  and  numerical  solutions  with  these 
assumptions  removed  are  presented.  Our  solutions  show  that  under 
certain  conditions,  phase  matching  can  be  satisfied  and  a  high  probe 
beam  gain  is  possible,  even  for  a  zero  phase  shift  between  the  refractive 
index  and  the  intensity  gratings. 


I.  Introduction 

BEAM  amplification  via  two-wave  mixing  in  photore- 
fractive  crystals  has  been  extensively  studied  over  the 
past  few  years  ( 1  ]— [6] .  Two  major  reasons  photorefrac- 
tive  crystals  are  good  candidates  for  two-wave  mixing  ap¬ 
plications  are:  1)  photorefractive  crystals  are  highly  sen¬ 
sitive  to  light,  and  2)  in  photorefractive  crystals,  a  natural 
90°  phase  shift  exists  between  the  refractive  index  and  the 
intensity  gratings  formed  by  the  input  beams.  Normally, 
this  90°  phase  shift,  a  condition  for  obtaining  the  opti¬ 
mum  two- wave  mixing  effect,  is  not  present  in  other  non¬ 
linear  optical  materials.  Beam  amplification  or  four-wave 
parametric  amplification  in  a  Kerr  medium  was  consid¬ 
ered  by  Chiao  et  al.  [7].  Beam  amplification  or  transfor¬ 
mation  of  light  beams  by  dynamic  holograms  in  a  general 
nonlinear  medium  was  considered  by  Sidorovich  and 
Stesel’ko  [8],  Recently,  an  exact  solution  for  two-wave 
mixing  in  Kerr  media  was  considered  by  Yeh  [9],  In  his 
theory,  the  required  phase  shift  is  induced  by  the  nonde¬ 
generate  wave  mixing  (or  movuisj  grating)  technique  [7]— 
[12], 

In  this  paper,  we  present  a  theory  of  the  probe  beam 
amplification  via  a  wave  mixing  process  different  from  the 
two-wave  mixing  mentioned  above.  This  process  is  due 
to  the  simultaneous  consideration  of  all  the  degenerate 
third-order  wave  mixing  terms,  namely,  the  forward  de¬ 
generate  four-wave  mixing  (DFWM),  two-wave  mixing, 
and  the  self-phase  modulation  terms  in  the  coupled-wave 
equations  derived  in  Section  II.  One  of  the  attractive  fea¬ 
tures  of  this  process  is  that  it  does  not  need  an  additionally 
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induced  phase  shift  (between  the  index  and  the  intensity 
gratings)  to  yield  the  probe  beam  amplification.  Similar 
study  was  considered  in  [13],  However,  the  emphasis  and 
approximations  made  in  [13]  are  different  from  this  paper. 

Both  analytical  solutions,  under  the  assumptions  of  a 
nondepleted  pump  beam  and  a  transparent  Kerr  medium, 
and  numerical  solutions  without  these  assumptions  are 
presented  in  this  paper.  While  more  accurate  predictions 
are  provided  by  the  numerical  solutions,  the  important  in¬ 
sight  into  this  process  is  well  illustrated  by  the  analytical 
solutions.  For  example,  we  show  that  when  the  phase 
matching  condition  is  satisfied,  the  probe  beam  gain  can 
grow  exponentially  with  the  interaction  length.  The  more 
detailed  and  exact  numerical  solutions  bring  out  further 
insights  not  found  in  other  simpler  approaches  involving 
only  two  or  three  beams. 

In  Section  II,  the  basic  coupled-wave  equations  are  de¬ 
rived.  In  Section  III,  all  the  wave  mixing  terms  in  these 
equations  are  classified  and  discussed.  In  Section  IV.  the 
analytical  solutions  are  derived.  Finally,  in  Section  V, 
some  numerical  results  are  presented. 


II.  Basic  Equations 


In  this  section,  we  derive  the  first-order  coupled  wave 
equations  resulting  from  the  intersecting  of  two  beams  in 
a  Kerr  medium  (see  Fig.  1).  These  fir  'rder  equations 
are  deduced  from  the  exact  second-order  wave  equation 
and  the  third-order  nonlinear  polarization.  Beside  the  two 
input  beams,  these  equations  also  include  four  diffracted 
beams  inside  the  medium  (see  Fig.  1).  In  principle,  more 
beams  can  be  included,  but  in  the  actual  experiments,  they 
are  negligibly  small.  An  additionally  induced  phase  shift 
between  the  refractive  index  grating  and  the  input  inten¬ 
sity  grating  is  also  included. 

The  well-known  second-order  wave  equation  and  the 
multiple  expansion  of  the  medium  polarization  in  terms 
of  the  optical  electric  fields  are  given  by  [  14]— [  15] 


V:£ 


d:E  9:Psl 
aT  =  ^  ~dr~ 


(i) 


and 

P'  =  +  2  d,kE'Ek 

+  4  x,,t/E'FF  +  •  •  •  .  (2) 

respectively.  In  (1).  nn  is  the  linear  magnetic  permeabil¬ 
ity.  e  is  the  linear  electric  permittivity,  and  P\,L  is  the  non- 
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Fig.  1.  Beam  geometry  for  degenerate  optical  wave  mixing,  u  is  the  op¬ 
tical  frequency  of  beam  1 .  u>  +  Q  is  the  frequency  of  beam  2.  and  so  on . 
Q(  «  uj)  is  a  frequency  shift  introduced  to  induce  a  phase  shift  ®  be¬ 
tween  the  refractive  index  and  the  intensity  gratings.  ®  and  (2  are  related 
by  the  response  time  of  the  medium,  o  =  0  and  fl  =  0.  Beam  I  is  con¬ 
sidered  as  the  pump  beam,  while  beam  2  the  probe  beam.  Beams  3-6  are 
the  diffracted  beams  generated  by  the  optically  induced  index  gratmes. 
Number  of  diffracted  beams  is  not  limited  to  four.  All  the  beams  are 
equally  distant  at  the  far  held. 


linear  component  of  the  medium  polarization.  In  (2),  x,; 
is  the  linear  susceptibility,  d,jt  and  x,ju  are  the  second- 
order  and  third-order  nonlinear  susceptibility,  respec¬ 
tively,  and  so  on.  The  subscripts  and  superscripts  repre¬ 
sent  the  Cartesian  coordinates.  The  convention  of  sum¬ 
mation  over  repeated  indexes  is  assumed  here. 

To  reduce  (1)  to  a  set  of  first-order  differential  equa¬ 
tions,  we  make  the  following  assumptions: 

1)  All  the  waves  are  assumed  to  be  plane  waves,  :  de¬ 
pendent  only,  and  for  simplicity,  linearly  polarized  in  the 
same  direction,  i.e.,  we  have 

Ej  =  i  (8,  exp  [t(w;f  -  kZJ)]  +  c.c.), 

j  -  1,  2.  •  ■  •  ,  6  (3a) 

and  the  nonlinear  polarization  can  be  decomposed  into 
their  electric  field  counterparts  as 

P,  =  \  (<P;  exp  [i(«,r  -  k:iz)]  +  c.c.), 

;  =  1,2,  •  •  •  ,6  (3b) 

where  w,  is  the  frequency  and  k:j  is  the  c  component  of 
the  wave  vector  of  the  jih  beam. 

2)  The  rate  of  the  electric  field  change  satisfies  the 
slowly  vaiying  envelope  approximation  [14]-[15],  i.e., 

'  ,  ,  ,  as  a:s 

l^'Sj  »  k—  »  —T  .  (3c) 

oz  oz 

From  these  assumptions,  the  second-order  wave  equa¬ 
tion  (1)  can  now  be  reduced  to  a  set  of  first-order  wave 
equations 


•i:  ^<P, 


For  practical  reasons,  let  us  express  the  effective  degen¬ 
erate  third-order  susceptibility  x'31  in  terms  of  the  Ken- 
coefficient  n:  by 

X<3’  =  ^  io^on:  (5 ) 

where  the  Kerr  coefficient  n ,  is  defined  as 

n  =  rt0  +  n2(E2)  (6) 

with  n0  being  the  linear  index  of  refraction.  E(  =  £,  + 
E:  +  £3  +  £4  +  £5  +  £6)  the  total  optical  field,  and 
(£">  the  time  average  of  £:.  In  the  nearly  degenerate 
case,  n-s  becomes  a  function  of  the  frequency  difference 
between  the  incident  beams  Q  =  w;  -  u,  and  the  response 
time  of  the  medium  r  (9): 

n2  ~  (n20/'^l_+-tarr_^)el®  (7) 


where 


0  =  tan  1  (Or) 


,6.  (4) 


and  n:o  is  the  value  of  the  index  change  for  the  degenerate 
case.  0  is  the  phase  shift  between  the  refractive  index  and 
the  intensity  gratings. 

Finally,  using  (2)  (retaining  only  the  third-order  term), 
(3a),  (3b),  (4),  and  (5),  we  obtain  the  following  first-order 
coupled  wave  equations: 

dE ,  .  I 

—  =  -ig  \  8, 1  6, 

-  2ig[(|Sj|7.«",°  +  |6j|7.e',# 

+  |8a|7:^:'s  +  1 5s  1 7:*:,° 

4-  |8(,|73e'?,°)S1]  -  ig  |  ZlZtfy 

•  exp  [  1  (  -  30  -  A  ky  z )  ] 

+  8? 8384/2  exp  [2 iSkjz]  ( /1  e '*  +  /:e~:'°) 

+  8f8:8j  exp  [ilkjz]  (/je3,°  +fie—) 

+  8;8jS*  exp  [i(A&3c  -  AA.-?;)] 

•  (fie'1* 

+  8585*/,  exp  [ / ( o  +  2 SkyZ  -  AA'5c)] 

+  2S4e5ef  exp  { ( ( A  ky  z  +  AA'sc)]/;  cos  20 
+  858,8;*  exp  [2/A/Uc]  ( /:<r'°  +  fye^'9) 

+  S;858f  exp  [i(Ai',c  +  A  A,  2: )  ] 

•  ( +/,e-'7 

+  8,8484*  exp  [iA*,c]  (/,*"  +  he'2'*)) 

-  i  o8|  (9a) 


c. 

i 


mm 
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-ig  |  £;|2S2 

-  «*[2(|S,|V*  +  I  S3 

+  |S4|Vi«"*  +  ISslVi*3* 

+  |S6|72*'2'*)£:]  -  fe{si£? 

•  exp  [-/AM] 

(/,*'*  -f,e-v°) 

+  8,84s?  exp  [iAJfcjc]  (/3***  +  /,e*'®) 

+  83848?  exp  [2iA*,c]  (/-e2'®  +  /,*“*) 

+  8 1 S3 8*  exp  [/(Ajt3c  —  Ak5z] 

•  (fie*  +  fie2") 

+  83 8 * /,  exp  [,(-<*>  +  21k}z  -  A*,;)] 

+  65856?  exp  [2/AAjc]  (/3e3'®  +  fie~lio) 

+  84S58*  e'iki(fiel-  +  fie~*) 

+  26 3858?  exp  [/(A^c  +  A<r5:)]/:cos  2<& 

+  8, S6S?  exp  [,(  —&k$z  +  A*5c)]  (/,*'* 

+fy-‘°)}  -  i«83  (9 

~‘S  I  83 12  83 

-  ,*[2(18,17, *-'•  +  |S:|7:e-:'° 

+  T.,’2  6, +  1 85  |7i  e'° 

/>-J,®)8,]  -  i*{8?8?/, 

•  exp  [/(  -  j  -  Afcjc)] 

+  6,8,84*  exp  l-2i±kjz](fie-*  +  fie'210) 

+  S,S4e6*  exp  [-/A*s=]  (/,***  +f,e-**) 

+  8 §6*/,  exp  [,'(-</•  -  A£3c  -  A A:5z) ] 

+  6:85S?  exp  [/(  -A^3;  +  A£5c)] 

‘  (fie1*  ^fie'1*) 

+  848583*  exp  [,AA,c]  (fe-  +  fie^) 

+  28, 858?  exp  [<(  -2Ai k}z  +  AA.-;;)]  /,  cos  <p 
+  2S5S6S?  exp  [2/ (  -A kyz  +  A^5c)] 

•  (fie-  +/4e-4'®)} 

-  i  a83  iq 


~  'S[2(|8,|7:e:'°  +  |8:|-/,^i0 

+  ISjlVje3'®  +  |  85  f fieil0 

+  |86|7|tf-)64]  -  ig  { 8s  8  ?/, 

•  exp  [/(<*>  -  AA'jc)] 

+  8|828*  exp  [-2/A^3c]  (fie'°  +  fie2'0) 

+  816 5*/;  exp  [,(2<>  -  A k}z  -  AJt5;)] 

+  838,65*  exp  [ -1  AJfc5:]  (fie-  +  fie 3,0 ) 

+  858583*  exp  [2/ (  -  A kyz  +  AJtjc)] 

•  (fie"*  +fie-*) 

+  83858?  exp  [/A&5c]  (/3c3'0  +  fie~'°) 

+  8, 656*  exp  [ / (  —  A Ar, c  +  Ai5c)] 

■  (fie1'0  +fie-) 

+  283658?  exp  [,( -  Afc3;  +  A£5;)]/,  cos  <i>  j 

-  i  a64  ( 9d ; 

djr=  -«|SjI265 

-«g[2(|8,|7e-2  ®  +  |  83  |7je  "3'°  +  |  S3 17, 

•  e-  +  1 84 \2 fie  ~J'°  +  |85|75e-5'®)85] 
-,*{8,8365*  exp  (-2/AA5C]  ( fie -2'®  +  fieho) 
+  838485  exp  [ 1 ( 2A —  2AA';c)] 

•  (fie  -  +/4C-4'®) 

+  28,8, 8*  exp  [,( Afc3;  -  A£5c)] 

•  (/,*"'•  +/:e'2'®) 

+  8184* /:  exp  [/(- 2<t>  -  A k}Z  -  A k5z)\ 

+  83838?  exp  [-iAk,z}  (fie~-  +fie'h°) 

+  858? /,  exp  [,(  -  <t>  +  2AA:3c  -  A^;)] } 

-  I  065,  (9e 
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-/s[2(|g,|2/3*3'*  +  |s2|2/:e-'*  +  |83|7a 

•  e4'®  +  |64|Vie'*  +  |s5|y5*5'°)s6] 

-ig  {S.S.S?  exp  [-2  iAksz]  (f2e2‘°  +  fie2*) 
+  £3848*  exp  [i(2A*3c  -  2Aks;)j 

•  {fie*  +  /4e4'*) 

+  8,8483*  exp  [  -  iAk}z]  {fie*  +  fie2*) 

+  S,84£f  exp  [i(A^3;  -  A /c5 - ) ] 

•  {fie*  +  fie2*) 

+  S’S*/;  exp  [/(20  -  A k}z  -  Ak3’)] 

+  £i£:*/i  exp  [/(0  +  2Ak3;  -  Ak5:)]} 


-joicm  (9f) 

where  a  is  the  loss  coefficient  of  the  medium,  fifis  are  the 
factors  associated  with  the  medium  response  time  and  the 
frequency  detuning  and  are  defined  as 


5,  (10a) 


with  c  being  the  speed  of  light  in  vacuum.  Ak3  and  A k5 
are  the  c  components  of  the  mismatched  wave  vectors 
given  by 


A £3  =  2k,  -  k:  -  k3  (11a) 


this  term  (see  Section  IV).  Although  the  self-phase  mod¬ 
ulation  terms  are  usually  ignored,  in  our  theory,  they  are 
explicitly  included  because  these  self-phase  modulation 
terms  play  a  major  role  in  the  phase  matching  conditions 
and  the  resulting  wave  mixing  effects. 

B.  Two-Wave  Mixing  Terms 

The  terms  in  the  square  brackets  of  (9)  are  the  familiar 
two-wave  mixing  terms  that  appear  in  other  calculations 
[9].  The  physical  meaning  of  these  terms  can  be  illus¬ 
trated,  for  example,  by  the  first  two-wave  mixing  term  in 
(9b)  (  -2ig  |  £|  |2£2).  This  term  ieads  to  the  process  in 
which  the  pump  beam  8,  and  the  probe  beam  £:  form  a 
grating  proportional  to  8*  S2  dz .  Then  the  pump  beam  is 
diffracted  from  this  grating  into  the  probe  beam  by  an 
amount  dZ2  =  -2 ig  |  8,  |:£;  dz.  The  phase  difference  be¬ 
tween  this  infinitesimal  change  in  the  probe  beam  field 
and  the  probe  beam  field  itself  is  0  -  90°.  Fig.  2  illus¬ 
trates,  in  the  vector  diagrams,  this  relation  for0  =  0  and 
0  =  90°.  In  Fig.  2(a)  (0  =  0),  the  infinitesimal  change 
in  the  probe  beam  is  always  perpendicular  to  the  probe 
beam  itself.  Hence,  the  intensity  (magnitude)  of  the  probe 
beam  does  not  change,  while  the  phase  of  the  probe  beam 
does  change  during  the  process.  (However,  due  to  the 
existence  of  other  terms,  the  probe  beam  intensity  change 
is,  in  fact,  possible  for  0  =  0. )  On  the  other  hand,  in  Fig. 
2(b)  (0  =  90°),  the  infinitesimal  change  in  the  probe 
beam  and  the  probe  beam  itself  are  always  in  parallel. 
Thus,  the  change  in  the  intensity  of  the  probe  beam  is 
possible,  while  the  phase  of  the  probe  beam  is  not  varied 
by  this  process. 

It  is  interesting  to  note  that  if  the  phase  shift  0  is  in¬ 
duced  by  moving  grating  or  other  techniques,  cf.  (7)  and 
(8).  then  the  condition  0  =  90°  corresponds  to  exactly  n2 
=  0.  Therefore,  maximum  energy  exchange  in  the  case 
of  moving  grating  induced  phase  shift  occurs  at  other  than 
90°.  (In  the  case  of  a  purely  two-wave  interaction,  it  can 


and 

A k<  =  3k.  -  2 k2  -  k5,  ( i  lb) 

respectively. 

III.  Physical  Meaning  of  the  Wave  Mixing  Terms 
Since  each  term  in  the  coupled-wave  equations  derived 
in  the  last  section  is  coupled  to  other  terms,  we  must  con¬ 
sider  all  the  terms,  at  the  same  time,  to  obtain  the  actual 
“nonlinear”  effect.  In  this  section,  we  discuss  the  sepa¬ 
rate  physical  meaning  of  the  self-phase  modulation  terms 
in  Section  III-A.  the  two-wave  mixing  terms  in  Section 
III-B,  and  finally,  the  forward  DFWM  terms  in  Section 
III-C. 

A.  Self-Phase  Modulation  Terms 

The  first  term  in  each  of  (9a)-(9f)  is  the  familiar  self¬ 
phase  modulation  term.  In  the  case  of  a  single  incident 
plane  wave,  only  the  phase  of  the  wave  is  modulated  by 


be  readily  shown  that  maximum  energy  exchange  occurs 
at  0  =  45°. )  This  is  different  from  two-wave  mixing  in 
photorefractive  crystals.  In  the  photorefractive  media,  this 
optimum  energy  exchange  occurs  when  0  =  90°,  since 
in  this  case,  the  grating  is  not  moving  and  so  the  coupling 
constant  is  not  degraded  by  the  finite  response  of  the  me¬ 
dia. 

C.  Forward  DFWM  Terms 

The  terms  in  the  curly  brackets  in  (9)  are  the  forward 
DFWM  terms.  They  do  not  have  a  simple  fixed  phase  dif¬ 
ference  as  the  two-wave  mixing  terms  discussed  above. 
For  example,  the  first  DFWM  term  of  (9b)  corresponds 
to  the  process  in  which  the  pump  beam  £|  and  the  dif¬ 
fracted  beam  S3  form  a  grating,  and  then  part  of  the  pump 
beam  8|  is  diffracted  from  this  grating  into  the  probe  beam 
8:.  The  phase  difference  between  the  infinitesimal  change 
dZ2  in  the  probe  beam  resulted  from  this  diffraction,  and 
the  probe  beam  itself  £;  is  20,  -  03  -  <t>2  +  0  -  A kyz. 


■  I  «.l  1.1  M 


Si’  '.W.V  V  '.1  '  !■-- 
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Writing  8,  =  |  8,  |e'®',  (12a)  can  be  readily  solved  by 
decomposing  it  into  two  equations,  with  one  being  a  func¬ 
tion  of  |  S|  |  only  and  the  other  a  function  of  0,  only.  Then 
we  have 

|£t|2  =  |Si(0)|‘  (13d) 

0,  =  -ig|e,(o)|\-.  (i3b) 

Without  loss  of  generality,  we  have  arbitrarily  chosen  the 
initial  condition  of  0,(0)  =  0. 

Now,  using  (13),  we  may  proceed  to  solve  (12b)  and 
(12c)  for  the  amplitudes  of  the  probe  beam  S2  and  the 
diffracted  beam  83.  We  begin  this  with  the  following  vari¬ 
able  changes: 

52  =  84  exp  (  —  1 8, (0) |2z)  (14a) 

53  =  8(  exp  (  -/ge~'*|S|(0)|2z).  (14b) 

Substitution  of  (14)  in  (12b)  and  (12c)  gives 


Fig.  2.  Vector  diagrams  for  the  probe  beam  field  and  the  change  in  the 
probe  beam  field:  (a)  *  «  0,  Ibl  ♦  *  90°.  Note  only  the  phase  of  the 
probe  beam  is  changed  in  (a)  and  only  the  magnitude  of  the  probe  beam 
is  changed  in  !b). 


77  =  -ige'*jsl(0)|  (8()*  exp  (ilpz) 


~7 1  =  -/«e"'*|S,(0)|*(S:)*  exp  (ilpz)  (15b) 


Clearly,  this  phase  difference  can  not  be  solely  controlled 
by  0  as  in  two-wave  mixing  terms.  Furthermore,  it  con¬ 
tains  a  phase  mismatching  factor  A  ktz  which  can  limit  the 
efficiency  of  the  energy  transfer.  As  we  can  see  in  the 
following  discussion,  the  phase  mismatching  can  some- 


P  =  g  |  8 ,  ( 0 )  | 2  ( 2e -  1)  - 


Equation  (15)  can  be  solved  by  1)  taking  the  derivative  of 
(15a),  2)  eliminating  83  from  the  new  second-order  dif- 


times  be  compensated  when  all  the  wave  mixing  terms  are  ferential  equation,  and  3)  solving  this  equation  for  C3 


considered  simultaneously. 


IV.  Analytical  Solutions 


which  can  then  be  substituted  into  (15b)  to  obtain  the  so¬ 
lution  for  S3.  This  procedure  yields 

S2  =  8:(0)  exp  [-«(g 1 8,(0) |‘  +  (Afc3/2))r/] 


S3  =  -/S* (0)  exp  -t(g|8,(0)|‘  +  (Afc3/2))rf] 


Equation  (9)  is  a  set  of  complicated  equations.  The  gen-  r  ^ 

eral  analytical  solutions  are  difficult  to  obtain  and  may  not  *  cosh  (qd )  —  i  -  sinh  ( qd ) 

be  illustrative.  However,  in  order  to  gain  some  insights  ^  ^ 

into  the  process  associated  with  these  equations,  we  may  exp  f-i(g|£|(0) 

simplify  the  physical  situations  such  that  analytical  solu-  ‘  L  \  I  - 

tions  can  be  more  easily  obtained.  We  can  achieve  this  by  p*~  +  q*z  ,_u  ,  4  j  N 

assuming  a  nondepleted  pump  beam  (namely.  |  8,  |  »  ’  *  -< 7j g>  i:  sinil 

|£2|,  |S3|,  and  so  on)  and  a  perfectly  transparent  me-  1 

dium  (namely,  a  =  0).  Under  these  conditions,  (9)  can  where  d  is  the  interaction  length  and 
be  simplified  to  yield  r— - — 


q*ge  10 1 


—  sinh  (q*d ) 


S' 


q  =  yj-p- 


g-  8,(0) 


=  [g:  8|(0)  (4  sin:  0  -  (2  cos  0  -  1)‘ 


—7  =  -/ge,4(2|8,|'82  +  8(8*  exp  [-iA&3;]) 


-  4  sin  0(2  cos  0  -  1 )  +  1 


— 2  =  -ige  ~'®(2 1 8,  |2£3  +  8(82*  exp  (  —  iAk}z]) 


-  g|8,(0)i'(2  cos  0  -  l)Afc3  -  (Ik] i/4) 


2/  sin  dilkyg  j  8,  (0) 


where  8,  is  the  pump  beam,  82  is  the  probe  beam,  and  S3 
is  the  diffracted  beam.  Also,  for  simplicity,  the  medium 
response  factor  is  assumed  to  be  included  in  g. 


=  A*,(s|S,(0)|*  -  ^ 


for  0=0. 


'm 
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In  obtaining  (17),  we  have  used  the  initial  condition 

S3(0)  =  0.  (19) 

Equation  (17b)  indicates  that  the  amplitude  of  the  dif¬ 
fracted  beam  S3  is  proportional  to  the  complex  conjugate 
of  the  incident  probe  beam  amplitude  S:(0).  It  is  well 
known  that  this  nature  of  the  forward  DFWM  can  be  used 
to  perform  the  forward  optical  phase  conjugation  process 
[16]-(18j.  From  (17),  we  can  also  obtain  the  solutions  in 
intensity- 

■> 

, _ f  / n \  r ,  i  i-’lsinh  M)|" 


h  =  7;(0)  |  cosh  (qd)  j  +  |  p 


-  2  Re  i  -  sinh  ( qd )  cosh  ( q*d ) 
\  <? 


/3  =  /,( 0) 


where 


\p\  +  kl  +  2  Re  (pV:)  I  sinh  (qd)  I 


4n'g'/i(0) 


(20b) 


(a)  1 2(  d  ) / 1 2(  0 ) 


(b)  1 3(  d  )/ 1 2(  0  ) 


<21> 

is  the  intensity  of  the yth  beam,  rj  =  V/z/e  =  377  fi,  and 
Re  (.r)  represents  the  real  part  of  x. 

From  the  following  relations, 

|  sinh  .r |*  =  cosh  [Re  (2.r)]  -  cos  [im  (2.t)[  (22a) 

*  (  exp  [Re  (2.r)] ,  for.t  »  l  (22b) 

| cosh  jc |~  =  cosh  [Re  (2.r)[  +  cos  [im  (2.r)]  (22c) 

=  (  exp  [Re  ( 2.r ) ] ,  for  .r  »  1  ( 22d ) 

with  Im  ( x )  the  imaginary  pan  of  x,  and  from  (20)  and 
(22),  we  observe  that  if  Re  (qd)  »  1,  the  probe  beam 
gain  is  approximately  an  exponential  function  of  Re  (qd  ). 
Define  7  =  Re  (q).  Then,  from  (18c)  and  (19),  we  see 
that  if  0  =  0,  and  8g7j/|  (0 )/A£3  >  1, 


7(0  =0)  =  JA*3(  2OT/,(0)  -  -j* 


Another  interesting  result  is  that  if  0  =  0,  qd  -  0  (i.e. , 
the  medium  thickness  is  thin)  and  8g7j /,  ( 0 )  /  A  k3  »  1 
(i.e..  the  crossing  angle  betwen  the  two  input  beams  is 
small).  (22)  become 

/,  «  /2(0)(1  +  4v2g2l](0)d2)  (24a) 

h  *  /:(0)4,V/i(0)</2  (24b) 

which  is  similar  to  the  solutions  obtained  in  [13]. 

The  above  discussion  indicates  that  we  cannot  consider 
each  wave  mixing  separately,  even  when  some  of  the 
terms  (in  this  case,  the  two-wave  mixing  and  the  self¬ 
phase  modulation  terms)  do  not  seem  to  directly  contri¬ 


d  (micron) 

Fig.  3.  Analytical  solutions,  (a)  Probe  beam  gain  versus  interaction  length, 
(b)  Normalized  intensity  of  dilTracted  beam  versus  interaction  length,  n, 
=  2.3  x  I0'4  cm'/W,  /,  (0)  =  20  W/cm:,  9  (angle  between  the  in¬ 
cident  beams)  =  0.001  rad.  <t>  -  0.  X  =  514.5  nm. 


bute  to  the  intensity  change  of  ine  probe  and  the  diffracted 
beams.  This  is  because  they  could  still  change  the  phase 
matching  condition.  We  may  also  draw  the  conclusion  that 
in  the  case  of  0  =  0,  if  the  pump  beam  intensity  is  high 
enough  or  if  the  crossing  angle  between  the  input  beams 
is  small  enough  such  that  the  phase  matching  is  satisfied, 
an  exponential-like  probe  beam  amplification  becomes 
possible. 

Fig.  3  is  the  plot  of  the  probe  beam  gain  [cf.  (20)]  and 
the  normalized  intensity  of  the  diffracted  beam  as  a  func¬ 
tion  of  the  interaction  length  for  /,  (0)  =  20  W/cm:, 

=  2.3  X  10~J  cnr/W  ( typical  value  of  n2  for  liquid  crys¬ 
tals  [19]),  d  <  100  /xm.  and  X  =  514.5  nm.  Fig.  4  is  the 
plot  of  the  same  quantities  versus  the  pump  beam  intensity 
/]  ( 0 ) .  Since  the  medium  is  very  thin  (d  <  100  ^m),  the 
square-law  gain  is  observed  here. 

V.  Numerical  Solutions 

The  numerical  solutions  of  the  coupled-wave  equations 
(9)  are  required  if  we  remove  those  simplifying  assump¬ 
tions  (nondepleted  pump  beam  and  perfectly  transparent 
media,  which  may  not  be  physically  true)  made  in  obtain¬ 
ing  the  analytical  solutions.  Furthermore,  in  the  numeri¬ 
cal  analysis,  we  have  included  three  more  diffracted 
beams.  Essentially,  some  new  features  not  predictable  by 
the  analytical  solutions  may  arise  from  the  numerical  so¬ 
lutions. 

1)  As  a  result  of  the  pump  depletion,  the  probe  beam 
gain  is  also  a  function  of  the  pump-to-probe  beam  ratio 
for  a  given  pump  beam  intensity.  In  general,  it  increases 
with  the  pump-to-probe  beam  ratio  and  eventually  ap¬ 
proaches  a  constant  (or  saturation)  (see  Fig.  5). 

2)  If  the  initial  exponential  gain  is  high  enough  tc  com¬ 
pensate  the  exponential  loss  a.  we  expect  to  see  the  probe 
beam  gain  decreases  after  it  reaches  a  maximum  at  a  crit- 
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Fig.  5.  Numerical  solution.  Probe  beam  gain  versus  pump-probe  beam  ra¬ 
tio.  Note  that  the  gain  saturates  in  the  limit  of  large  pump-probe  beam 
ratios.  The  difference  between  the  pump  beam  intensities  of  two  adjacent 
curves  is  20  W/cmv  cr  =  20.0  cm"',  d  =  100  ^m,  <t>  =  0. 
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Fig.  4.  Analytical  solutions,  (a)  Probe  beam  gain  versus  pump  beam  in¬ 
tensity.  (b)  Normalized  intensity  of  diffracted  beam  versus  pump  beam 
intensity,  d  =  100  *im.  <t>  -  0. 
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Fig.  6.  Numerical  solution.  Probe  beam  gain  versus  interaction  lengih. 
Note  that  this  curve  is  different  from  the  analytical  curve  in  Fig  I.  The 
decrease  of  the  probe  beam  gain  beyond  the  so-called  cntical  interaction 
lengih  is  due  to  the  pump  depletion  and  the  medium  loss,  a  =  20.0 
cm"',  f,(0)  =  20  W/cm;,  A ( 0 )  =  0.1  W/cm:,  <p  =  0. 


ical  interaction  length  (see  Fig.  6).  This  is  due  to  the  de¬ 
pletion  of  the  pump  beam,  the  decrease  of  the  pump-to- 
probe  beam  ratio,  and  the  exponential  loss.  (Note  that 
when  the  probe  beam  is  amplified,  the  pump-to-probe 
beam  ratio  is  decreased.) 

3)  Due  to  the  presence  of  higher  order  diffracted  beams, 
the  energy  of  the  probe  beam  can  be  depleted  by  other 
diffracted  beams  when  the  interaction  length  and  the  pump 
beam  intensity  are  increased  (cf.  Fig.  7).  In  fact,  as  a 
result  of  this  depletion,  the  maximum  probe  beam  gain 
(cf.  Fig.  8)  occurs  at  different  values  of  <t>  for  different 
thicknesses  as  a  result  of  these  energy  exchanges  among 
the  beams. 


II  <»«lt/c»2) 
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Fig.  7.  Numerical  solutions.  Energy  transfer  due  to  nonzero  phase  shift  ® 
(a>  Intensities  of  beams  1-6  versus  interaction  length  /,  (0)  =  20  W/cm\ 
/;( 0)  =  I  W/cm".  lb)  Intensities  of  beams  1-6  versus  pump  intensity. 
d  =  100  nm.  /j(0)  *  1  W/cm\  <t>  =  40°  in  both  cases. 
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Fig.  8.  Numerical  solution.  Probe  beam  gain  versus  phase  shift  for  in¬ 
creasing  medium  thickness  (<f,  •  SO  pm.  d:  »  100 pm.  </,  »  ISO  pm). 
/i(0)  -  20  W/cm:.  /2(0)  m  |  W/cm;. 


VI.  Conclusions 

We  have  presented  both  analytical  solutions  (under  the 
assumption  of  a  nondepleted  pump  beam  and  a  transpar¬ 
ent  medium)  and  numerical  solutions  of  the  first-order 
coupled-wave  equations,  taking  into  account  all  the  de¬ 
generate  third-order  wave  mixing  terms  (i.e..  the  forward 
DFWM,  two-wave  mixing,  and  self-phase  modulation 
terms).  Our  analytical  solutions  show  that  under  certain 
conditions,  a  phase  matched  probe  beam  amplification 
process  can  be  achieved,  even  for  a  zero  phase  shift  be¬ 
tween  the  index  and  the  intensity  gratings.  In  general,  this 
process  has  an  exponential  gain  for  a  thick  medium  and  a 
square-law  gain  for  a  thin  medium.  The  numerical  solu¬ 
tions  show  that  the  probe  beam  gain  is  a  function  of  the 
pump-to-probe  beam  ratio  and  saturates  when  this  ratio 
approaches  infinity.  Our  analysis  also  shows  that  due  to 
the  depletion  of  the  probe  beam  by  some  higher  order  dif¬ 
fracted  beams,  the  maximum  gain  may  not  occur  exactly 
at  a  45°  phase  shift  implied  by  the  theory  of  two-wave 
mixing  in  Kerr  media  (9}.  Some  experimental  results  on 
this  subject  have  been  reported  previously  [20].  More  ex¬ 
perimental  research  concerning  various  aspects  of  this 
subject  is  currently  being  pursued  in  our  laboratory  and 
will  be  reported  elsewhere. 
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Abstract 


The  extraordinarily  large  thermal  and  orientational  nonl 1  near  1 1 1 es  of  nematic  liquid 
crystal  Is  studied  In  the  context  of  amplified  reflection  In  four  wave  mixing.  Greater 
than  lOOt  reflection  In  wavefront  conjugation  can  be  obtained. 


Introduction 


Four  wave  mixings  and  related  wavefront  conjugation  and  other  Interesting  real  time 
Imaging  processes  have  been  studied  by  various  workers  using  a  variety  of  nonlinear 
materials1.  In  highly  nonlinear  media  such  as  *3aT10u  and  BSO,  the  large  no n 1 1 nea r  1 1 1  e s 
enable  probe  (or  Image)  beam  amp  1 1 f l ca t Ion  and  se 1 f -*030 1 1 1  a 1 1 ons  with  the  use  of  low 
power  cw  lasers2  •  5 . 


In  this  paper,  we  will  investigate  the  two  mechanisms  for  optical  non  1 1  near  1 1 1 es  in 
nematic  liquid  crystals  In  the  context  of  probe  beam  gain  or  wavefront  conjugation 
reflection  amplification,  namely,  the  thermal  nonlinearity1*  associated  with  the  ordinary 
(dn0/dT)  and  the  extraord  inary  (dne/dT)  rays,  and  the  orientational  nonlinearity5.  The 
mechanism  and  dynamics  of  these  non  1 1  near  1 1 1 es  have  been  discussed  In  details  recently, 
and  thus  our  principal  discussions  here  are  on  the  specific  conditions  whereby  these  beam 
amplifications  can  be  realized. 


Disc u  s  s  1  o  n 


Consider  a  horaeotroplcally  aligned  nematic  liquid  crystal  film  Illuminated  by  two 


linearly  polarized  (In  the  y-dlrectlon)  lasers  with  propagation  constant  k1  and  k?. 


lasers  Interfere  with  one  another  and,  through  some  absorption  In  the  nematic,  set  up  a 
temperature  grating  In  the  x  direction  with  a  grating  constant  A  [a-2u  |  k.-k,  |  ']. 


avui  c  51  aviiig  am  w  u  o  a  a  i  eu  i.  iuii  *  1  uii  a  g  1  a  u  a  w  g  uwii  j  u  a  11  v.  a  a  -  ft.  •«  |  n>  ^  J  * 

Realistically,  of  course,  the  temperature  (and  therefore  the  refractive  Index)  grating 
build  up  and  decay  are  three-dimensional  problems,  which  are  further  complicated  by  the 
lasers  finite  beam  width,  the  different  thermal  conductivities  of  the  glass  and  nematics, 
as  well  as  the  anisotropy  in  the  thermal  conductivities  and  refractive  indices. 
Nevertheless,  without  much  loss  of  physical  Insights,  one  can  consider  the  simpler 
soluble  case  where  the  laser  beam  Is  assumed  to  be  a  plane  wave  (true  for  beam  size  on 
the  order  of  a  few  mm  while  d  and  A  are  on  the  order  of  about  100  urns),  and  the  heat 
diffusion  is  assumed  to  be  along  the  x-dlrectlon  (which  is  a  valid  assumption  for  A  <  d). 
For  A  *  d,  then  heat  diffusion  from  the  nematics  to  the  glass  walls  (along  the  z 
direction)  can  also  be  taken  Into  account.  However,  once  we  know  how  the  mechanisms  and 
dynamics  of  the  process  In  the  one-dimensional  case,  the  two-  or  three-dimensional 
problems  do  not  really  provide  any  newer  Insights. 


In  the  one-dlmenslonal  case,  the  equation  governing  the  temperature  distribution  is 
given  by 


k  ill1  -  «  I 

3x2  0P 


where  the  optical  intensity  Iop  Is  given  by 
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We  are  interested  in  the  case  where  I2 

I 

op 


where  m  -  2 ^ 1 2 / 1 1 .  In  equation  (1),  p 
capacity,  K  the  thermal  conductivity  and  a  the  light  absorption  constant. 

There  are  two  distinct  time  scales,  namely,  transient  and  steady  state,  which  allow 
one  to  clearly  determine  a  set  of  conditions  governing  high  wave  mixing  efficiency.  For 
a  given  grating  constant  A,  the  characteristic  heat  diffusion  time  is  given  by 

in  -1-1 

t» - — - -  ,  For  a  typical  nematic  like  PCB  (Pentyl-Biphenyl),  p  1,  c  -  2  Joule  °C  gm 

k  (  2  it  /  A  J 

k-10'3  Joule/cm  sec  °C.  For  A  «  100  urn,  e.g.  we  have  t  »  [3.6]  ms.  We  shall  henceforth 
refer  to  the  steady  state  case  as  occurring  when  the  time  t  >  t,  while  the  transient  case 
1  s  for  t  <t  -  . 


«  I),  so  equation  (3)  may  be  rewritten  as 
2irx . 
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is  the  density  of  the  nematic,  c  the  heat 


In  the  steady  state  case. 
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0 ,  and  we  have 
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where  C]  is  an  overall  rise  in  the  background  temperature.  On  the  other  hand,  for  t  «  t, 
we  have 
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where  c2  is  the  overall  background  rise  in  temperature  due  to  an  optical  Illumination  for 
a  duration  r  i .  The  maximum  temperature  rise  at  the  intensity  maxima  from  (5)  and  (6) 
are,  respectively 


iTss  '  2a/V2  (?;,2/k  m 

and 

_  t, 

AT  -  2 a/ 1  I  (  — )  (8) 

TS  1  2  pc 

AT73  is  comparable  to  AT55  if  s  1  -  r. 

The  change  in  the  refractive  index  due  to  the  rise  in  temperature  is  given  by 

An  -  n (T0* AT)  -  n(T0)  (9) 

where  T0  is  the  initial  temperature  of  the  sample. 

Assuming  that  the  first  terms  on  the  R.H.S.  of  (5)  and  (6)  are  small  compared  to  the 
overall  rise  in  temperature  ci  and  03,  we  have  for  the  steady  state  case 
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And  for  the  transient  case 
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As  we  remarked  before,  dn/dT  for  both  ordinary  and  e x t r aord  i  nar y  rays  are  larger  in 
magnitude  factor  of  more  than  30  times  near  T0.  In  the  thin  phase  grating  case  (d  <  A), 
the  first  order  diffraction  efficiency  from  the  phase  grating  is  proportional  to  (An)2. 
Efficient  wave  mixings,  therefore,  can  be  obtained  by  setting  the  temperature  ( T 0 * c 1  )  or 
(T0*c2)  at  near  T0  (c.f.  figure  2). 
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Secondly,  In  the  steady  case,  It  is  obvious  that  the  wave  nixing  efficiency  will  also 
Increase  with  larger  grating  constant  (which  is  also  observed  experimentally). 
Furthermore,  since  dn,  ,  /dT  is  in  general  larger  than  dn,/dT,  a  higher  diffraction 
efficiency  can  be  obta'ined  if  one  uses  a  planar  sample  48  •  0).  In  general,  the 
diffraction  efficiency  is  an  order  of  magnitude  larger  than  if  one  probes  d nj  j  /dT. 

Referring  to  figure  1  (see  also  figure  3)  for  a  reconstructing  beam  k^  *  -k^  the 

♦  + 

image  (or  generated)  beam  kg  will  be  in  the  direction  -kj.  The  ratio  of  intensity  of 
the  beam  4  to  beam  2,  l.e.  the  reflectivity  will  Increase  as  the  parameters  discussed  in 
the  preceding  paragraph  are  maximized.  As  reported  in  a  recent  preliminary  study, 
amplified  reflection  can  be  obtained  in  M38A  ( Me t ho xy -ben zy 1 i dene-bu t y lan i 1 i ne )  sample 
(which  absorbs  considerably  at  the  5145  A  laser  line)  at  Incident  laser  power  on  the  watt 
range.  Using  an  appropriate  geometry  that  accounts  for  the  scattered  noise  and  the 
coherence  of  the  laser,  self  oscillations  are  also  observed.  In  a  typical  experiment 
involving  a  75  urn  sample  (and  dn^/ST),  a  pump  beam  of  -  1  Watt  in  power  [beam  size 

1  mm2]  and  a  probe  beam  with  a  power  of  1/200  that  of  the  pump,  a  reflectivity  of  II  is 
obtained  for  a  wave  mixing  angle  of  1/200  radian  at  room  temperature  (22aC).  For  the 
same  mixing  angle,  the  reflectivity  increases  by  about  30  times  near  Tc.  By  decreasing 
the  wave  mixing  angle  to  about  1/450  radian,  a  reflectivity  of  more  than  unity  can  be 
obtained. 

Four  wave  mixing  in  liquid  crystals  using  reor  1  entat ional  non  1  i  near  1 1 1 es  have  been 
studied  in  various  context.  In  our  first  experiment  on  wavefront  conjugation^,  the 
aberration  correction  capability  is  demonstrated.  Recently,  we  have  also  demonstrated 
the  possibility  of  noise  removal  in  wavefront  conjugation  using  partially  coherent 
laser^.  Fundamental  studies  of  tne  four  wave  mixing  efficiencies  based  on 
r eor 1 en ta 1 1  ona 1  nonlinearity  have  also  appeared.  In  this  paper  therefore,  we  will 
Investigate  the  conditions  where  amplified  wavefront  conjugation  (or  reflection)  may  be 
obta i ned  . 

As  shown  in  the  previous  study,  the  r eor  i  en ta t  i  ona 1  effect  Induced  by  two  intersecting 
laser  is  described  by  the  Free  energy  density 

f.  I  j  (i®)2*  I  K  (i®)2 
r  2  VaxJ  2  Vaz- 


|f  [E^£^2EiE2cos(px)]sin(28)sin(29)  , 


where  Ke  is  the  elastic  constant.  Under  the  hard  boundary  condition?  that  9-0  at  Z»0  and 
at  z-d,  and  assuming  an  infinite  plane  wave  in  the  direction,  the  solution  for  3  is 

a-CC^rGjCos (-—x ) ]  g(z).  (13) 

where  and  Cj  are  to  be  obtained  by  the  variational  method,  i.e.,  by  setting  3F/3C^-0 
and  3F/3C2*0,  while  g(z)  is  the  normalized  function  g(z)-4(zd-z2)/d2. 

From  the  two  conditions  aF/ac^O  and  3F/aC2»0,  we  obtain 

C1  (E?*S2>sin(2!n  (14) 


15  e  3  EiE?si.n(2S> 


16  mk ( q2d2 ♦  10  ) 


2m 

where  q-  (  — ) 

A 

Inserting  (4)  and  (5)  into  (3)  gives 


3i£Sin(23!  r „ 2  .2 

~T67k -  (V&2 


,  20E  E .cos ( qx  )  , 

,*  - q— ; - j(zd-z  ) 

q cd  ♦ 10 
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/>  V ! 


2  2  e  I  * c  2 

6e( 8  )-9  — > cos  8 

£|  i 


In  conjunction  with  (6)  we  note  that  8,  and  therefore  S  e  (  8  )  and  5  e ( 3  2 )  t  are  vanishing 
for  t«0.  For  finite  * ,  6e(82)  Is  much  smaller  than  6  e  C  9 )  and  thus  may  be  neglected. 

From  equations  (20)  and  (16),  one  can  see  that  the  laser  Induced  dielectric  constant 
change  5  e  (  8  )  is  maximal  at  3  ■  11 5  0 . 

Secondly,  the  nonlinearity  varies  Inversely  as  (d2  ♦  A2),  where  d  is  the  sample 
thickness,  and  A  the  grating  constant.  In  our  recent  study  on  wavefront  conjugation 
(c.f.  figure  3),  an  amplified  reflection  that  traverse  back  along  2,  [beam  c]  can  be 
obtained  under  the  following  conditions:  3  -  22°;  d  -  A  -  200  urn;  E  |  -  £3  -  0.5  watt;  E2 
S  0.01  watt;  beam-size  >  2  mm2.  It  Is  obvlou3  from  the  rather  modest  powers  involved 
that  the  reortentatlonal  nonlinearity  Is  a  good  candidate  for  wavefront  conjugation  with 
gain  studies. 


It  Is  also  clear  from  these  studies  that  the  use  of  lasers  at  much  longer  wavelength 
would  be  ideal,  or  conversely,  nematic  liquid  crystal  films  are  ideally  suited  for 
wavefront  conjugation  using  Infrared  lasers  (e.g.  C02).  With  XC02  *  10-5  um  versus  the 
0.5145  um  of  argon  laser  line,  the  wave  mixing  angle  can  be  Increased  by  20  times  (l.e.  a 
wave  mixing  angle  of  1/20  radian  (•  3°))  while  amplified  reflection  can  still  be 
observable.  Moreover,  the  reorientational  effect  Is  not  wavelength  sensitive. 

Experiments  with  infra-red  lasers  are  currently  under  way  and  will  be  reported  in  a 
longer  article  elsewhere. 
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F lgure  Cast  Ions 

Fig.  1.  Schematic  of  lasers  propagating  In  (a)  a  homeo t ro p  1  ca  1 1  y  aligned  nematic 
liquid  crystal  film  and  ( b  )  a  planar  nematic  film.  The  x-dlrectlon  Is  perpendicular 
to  the  plane  of  the  paper;  z-dlrectlon  Is  parallel  to  n.  For  thermal  effect,  S  ■  0  or 
90°.  For  orientational  effect,  3  *  22°. 

Fig.  2.  Observed  dependence  of  the  thermal  grating  diffraction  as  a  function  of  the 
temperature  . 

Fig.  3.  A  typical  wavefront  conjugation  set  up. 
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